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Summary

The main goal of this work was to determine the cross-section for photoproduction of
w mesons off neutrons. This cross-section had so far not been measured. It is, however,
important for a quantitative understanding of the w meson-nucleon interaction and for the
in-medium properties of w mesons in nuclei. Up to the time of this thesis all information
on this interaction had come from studying the production off protons. Measurements
of the photoproduction of other mesons like 7 and 7’ off neutrons have shown that the
cross-sections for production off neutrons and protons are different.

In this work, the w photoproduction off hydrogen and deuterium targets was studied
with the tagged photon beam of the ELSA accelerator in Bonn for incident photon en-
ergies up to 2.0 GeV. The w meson was identified via the w — 7%y — 347 decay mode,
using the combined setup of the Crystal Barrel/TAPS detector systems, which allowed
photon detection over almost the full solid angle. Charged particles were registered by a
scintillating fiber detector in the CB angular region and by plastic veto detectors in front
of TAPS in the forward region. A missing mass analysis enabled identification of protons
and neutrons. Correction factors, determined from the data and simulations, were used
to correct for the mis-identification of protons as neutrons and vice versa.

The following reactions were studied:
e The production off the free proton: vp — wp
e The quasi-free production off the bound proton: vd — wp(n)
e The quasi-free production off the bound neutron: vd — wn(p)
e The quasi-free inclusive production: vyd — w(np)

Both exclusive (the recoil nucleon was detected) and inclusive (detection of the recoil
nucleon was not required) analyses have been carried out. The differential and total cross-
sections were determined for each reaction channel. For all reaction channels, a strong



Summary

forward rise of the differential cross-section, indicative of t-channel production processes, is
observed. For larger momentum transfers the excitation and decay of nucleon resonances
play a dominant role.

The differential cross-section obtained from the exclusive and the inclusive analysis gener-
ally agree quite well. For the inclusive analysis the cross-section rises more steeply in the
region where the w meson goes forward in the c.m. system for incident photon energies
E, > 1.5 GeV. In this region, the exclusive differential cross-section had to be extrapolated
due to an acceptance hole for the protons for 0.9< cos(6%,,, ) <1.0. The total cross-sections
obtained from the inclusive analysis is therefore ~10% higher than that obtained from the

exclusive analysis. This discrepancy is taken into account by the systematic errors.

Comparison to data by SAPHIR [18] and CLAS [19] on the w photoproduction off the
free proton shows a slight disagreement in the small momentum transfer region, where the
differential cross-sections from this work lie above the previously published data. For inci-
dent beam energies < 1.3 GeV the total cross-section agree with the SAPHIR data, within
the systematic errors. However, at higher incident beam energies the total cross-sections
from the exclusive analysis lies generally 1-2 pb above the data published by SAPHIR.

The cross-section off the bound proton is found to be smaller than the one off the free
proton. In the resonance peak region of ~1.3 GeV incident beam energy the cross-section
off the bound proton is ~6.5 ub which is ~30% smaller than the cross-section off the free
proton. This difference cannot be attributed to a mere smearing due to the Fermi motion,
showing that at energies close to the production threshold the interaction with the neutron
plays a role. Only at higher energies the w meson production cross-section off the bound
proton comes close to that off the free proton.

The cross-section for w production off the bound neutron was determined in two different
ways; directly by the exclusive analysis and indirectly by subtracting the cross-section off
the bound proton from the inclusive quasi-free cross-section off deuterium,

indirect

o, = Oinel — Op -

In the indirect determination the neutron acceptance does not enter. Both determinations
yield a cross-section off the bound neutron which is larger than that off the bound pro-
ton. For incident photon energies 1.2-1.6 GeV the ratio is < 0, /0, >~ 1.3. A stronger
resonance contribution to the cross-section for w production off the bound neutron com-
pared to that off the bound proton is observed. At higher energies £, > 1.7 GeV the
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cross-sections come close to each other, indicating production mechanisms independent of

isospin.

The average cross-sections off the bound proton and the bound neutron from the ex-
clusive determination are 6.6+0.1 ub and 8.44+0.2 ub, respectively, in the incident photon
energy range 1.2-2.0 GeV. The systematic error was estimated to ~15-20% in the cross-

section determination off protons and to ~20-35% in that off neutrons.

The cross-sections of this work were compared to coupled-channel calculations of the w
production off the free proton and off the free neutron. The calculated cross-section off
neutrons is larger than the calculated cross-section off the proton. However, by an even
larger factor of < o,/0, >~ 2.3 in the range from threshold up to 1.8 GeV. The calcu-
lation of the w production off the free neutron is crude, since it did not take any of the
available neutron data into account, but it shows that there exist theoretical models that
predict a larger cross-section for w mesons produced off neutrons compared to off protons,
as observed experimentally in this thesis.
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Zusammenfassung

Das Hauptziel der vorgelegten Arbeit ist die Bestimmung des Photoproduktionsquer-
schnitts von w Mesonen am Neutron. Dieser Wirkungsquerschnitt ist bisher nicht gemessen
worden; er ist jedoch wichtig fiir ein quantitatives Verstdndnis der w-Nukleon Wechsel-
wirkung und der in-Medium Eigenschaften des w Mesons in Kernen. Bis zu dieser Dok-
torarbeit beruhten alle Informationen zur w-N Wechselwirkung auf der w Produktion am
Proton. Messungen der Photoproduktion anderer Mesonen wie n oder 7’ haben gezeigt,
dass die Wirkungsquerschnitte an Proton und Neutron durchaus verschieden sein kénnen.

In dieser Arbeit wurde die w Photoproduktion am Wasserstoff und Deuterium unter-
sucht mit energiemarkierten Photonenstrahlen am ELSA Beschleuniger in Bonn mit Pho-
toneneinschussenergien bis zu 2.0 GeV. Das w Meson wurde identifiziert iiber den w —
799 — yvv Zerfallskanal. Dazu diente der gemeinsame Detektoraufbau von Crystal Barrel
und TAPS, der einen Photonennachweis iiber fast den gesamten Raumwinkel erméglichte.
Geladene Teilchen wurden im Winkelbereich des Crystal Barrel in einem Detektor aus
szintillierenden Fasern und im Vorwéartswinkelbereich durch Plastik-Veto-Detektoren vor
TAPS nachgewiesen. Eine ”missing mass” Analyse erlaubte die Identifikation von Proto-
nen und Neutronen. Korrekturfaktoren fiir die Mis-identifikation von Protonen als Neu-
tronen und umgekehrt wurden aus den Daten und Simulationen ermittelt und bei der

Bestimmung der Wirkungsqgerschnitte angewendet.

Folgende Reaktionen wurden untersucht:
e Die Produktion am freien Proton: yp — wp
e Die quasi-freie Produktion am gebundenen Proton: vd — wp(n)
e Die quasi-freie Produktion am gebundenen Neutron: vd — wn(p)

e Die quasi-freie inklusive Produktion: vd — w(np)
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Sowohl exklusive (das Riicksto-nukleon wird nachgewiesen) wie inklusive (Nachweis des
Riicksto-nukleons nicht verlangt) Analysen wurden durchgefiihrt. Differentielle und to-
tale Querschnitte wurden fiir jeden Reaktionskanal bestimmt. Der differentielle Wirkungs-
querschnitt weist flir jeden Reaktionskanal einen exponentiellen Anstieg fiir kleine Im-
pulsiibertrage an das Nukleon auf, was charakteristisch ist fiir einen t-Kanal Austausch-
prozess. Bei grofleren Impulsiibertragen spielt die Anregung und der Zerfall von Nukleon-

resonanzen eine dominante Rolle.

Die differentiellen Querschnitte am freien Proton aus der exklusiven bzw. inklusiven Anal-
yse stimmen recht gut iiberein. Fiir Photoneneinschussenergien £, > 1.5 GeV, ergibt die
inklusive Analyse einen etwas steileren exponentiellen Anstieg. In diesem Bereich muss der
exklusive Querschnitt durch Extrapolation bestimmt werden wegen eines Akzeptanzlochs
bei den Protonen fiir 0.9 < cos(6¥,,) < 1.0. Der totale Querschnitt aus der inklusiven
Analyse ist daher um ~10% hoher als in der exklusiven Analyse. Diese Diskrepanz ist im
systematischen Fehler beriicksichtigt.

Ein Vergleich mit publizierten Daten der SAPHIR und CLAS Kollaborationen zur w
Photoproduktion am freien Proton zeigt leichte Abweichungen. Fiir Photoneneinschussen-
ergien < 1.3 GeV stimmt der totale Querschnitt mit dem von SAPHIR publizierte Quer-
schnitt, im Rahmen der systematischen Fehler, iiberein. Bei grofieren Photoneinschussen-

ergien liegt der Querschnitt aus der exklusiven Analyse in dieser Arbeit 1-2 pb héher als
der von SAPHIR publizierte Querschnitt.

Im Vergleich zur Produktion am freien Proton ist der am gebundenen Proton gemessene
Querschnitt niedriger. Im Bereich des Resonanzmaximums um = 1.3 GeV Photonenen-
ergie betragt der Querschnitt am gebundenen Proton nur ca. 6.5 pb, ~30% niedriger als
der Querschnitt am freien Proton. Dieser Unterschied lasst sich nicht durch eine Faltung
des Querschnitts am freien Proton mit der Fermibewegung der Nukleonen im Deuterium
erklaren. Im Energiebereich nahe der Produktionsschwelle ist die Wechelwirkung mit
dem Neutron bedeutend. Nur im héheren Energiebereich nahert sich der Querschnitt am

gebundenen Proton dem am freien Proton an.

Der Querschnitt am gebundenen Neutron wurde iiber zwei verschiedene Methoden bes-
timmt: einerseits direkt in einer exklusiven Analyse und andererseits indirekt durch Abzug
des Querschnitts am gebundenen Proton vom inklusiven quasi-freien Querschnitt:

indirekt
On = Oinkl. — Op -



Zusammenfassung

Die indirekte Bestimmung ist unabhéngig von der Neutronen-Akzeptanz. Beide Bestim-
mungen geben einen grofleren Querschnitt am gebundenen Neutron im Vergleich zum
Querschnitt am gebundenen Proton. Fiir Photonenergien von 1.2-1.6 GeV ist der Wirkungs-
querschnitt am gebundenen Neutron ein Faktor 1.3 grofler als der Wirkungsquerschnitt
am gebundenen Proton. Am gebundenen Neutron wurde ein stérkerer Anteil von Reso-
nanzanregungen zum Querschnitt beobachtet im Vergleich zum Querschnitt am gebun-
denen Proton. Fiir Photoneneinschussenergien grofler als 1.7 GeV wird beinahe eine
Ubereinstimmung von beiden Querschnitten gefunden. Dies weist auf einen Produktions-
mechanismus unabhéngig vom Isospin hin.

Der durchschnittliche Querschnitt am gebundenen Proton ist 6.6+£0.1 pub und am gebun-
denen Neutron 8.4+0.2 ub fiir den Photoneneinschussenergiebereich von 1.2-2.0 GeV. Der
systematische Fehler fiir den Querschnitt am gebundenen Proton ist ~15-20% und ~20-
35% fiir den Querschnitt am gebundenen Neutron.

Die in dieser Arbeit bestimmten Querschnitte wurden mit gekoppelten Kanal Rechnun-
gen fir die w Photoproduktion am freien Proton und freien Neutron verglichen. Der
berechnete Querschnitt am Neutron ist grofler als der am Proton, sogar um einen Faktor
< op/op >~ 2.3 im Bereich von der Produktionsschwelle bis zu 1.8 GeV. Die Berechnung
der w Produktion am freien Neutron ist jedoch recht grob, zeigt aber dass theoretische
Modelle existieren, die groflere Querschnitte fiir die w Photoproduktion am Neutron als
am Proton vorhersagen, so wie es in dieser Arbeit experimentell gefunden wurde.
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1. Introduction

1.1. Motivation

Most of the information about the meson nucleon interaction comes from data of the
mesons produced off free protons, for the simple reason that there exists no free neutron
target. However, for a quantitative understanding of the meson production off nuclei, it is
crucial to also study the meson production off neutrons. The target used for this purpose
is deuterium, which complicates the analysis by the presence of the spectator proton in
the nucleus. In addition, the motion of the nucleons inside the nucleus has to be taken into
account. The photoproduction of w mesons produced off the neutron had not been studied
before and thus the cross-section was unknown. The determination of this cross-section

was the main goal of this work.

Cross-sections for other mesons off protons and off neutrons

Studies of the production of other mesons such as the n and 7’ mesons have shown that
there indeed is a difference in the cross-section for the mesons produced off protons com-
pared to off neutrons. Figure 1.1 shows that the cross-section of n mesons produced off
protons (blue triangles) is different from the cross-section off neutrons (red circles) [5].
The cross-section off the neutron was scaled with a factor 3/2. After this scaling there
is good agreement to the cross-section off the proton close to threshold. However, at an
incident photon beam energy of 1 GeV there is a peak structure seen in the cross-section
off the neutron that is not observed in the cross-section off the proton. It becomes even
more apparent when looking at the ratio of the cross-sections, o,,/0p, which is shown in
the inset of fig. 1.1. This peak structure could be due to resonances! that couple weakly
to the proton and strongly to the neutron. Different model calculations have tried to
explain this structure with different resonant contributions, but so far no conclusion has

been drawn as to its origin.

LA resonance is an intermediate state of higher energy formed in the production process. The resonances
decay via the strong interaction (see sect. 2.1.2) and are thus very short-lived with a life-time of 1072*
s. Therefore, they can not be observed directly, but have to be reconstructed from the decay products

(i.e. the meson and the nucleon, in this case).
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Figure 1.1: Quasi-free total cross-sections for n mesons produced off the proton (blue triangles)
and off the neutron (red circles). The curves are model predictions [1, 2] folded with
Fermi motion. Neutron data and calculations have been scaled up by a factor 3/2.
Insert: neutron/proton cross-section ratio. Low energy data from for o, /0, from
earlier experiments [3, 4]. The figure was taken from [5].

The 7’ production cross-sections off neutrons and off protons have also been studied.
It was also found to be different for the two different nucleons, however, in a completely
different way than in the case of the n meson. Figure 1.2 show that the 1’ cross-section off
neutrons (red circles) is smaller than the one off protons (blue squares) at incident energies
up to 1.9 GeV. As in the case of the peak structure observed in 1 meson cross-section off
neutrons, the reason for this difference could be different resonance contributions. Other
explanations might be interference effects between different resonances or between reso-
nances and non-resonant background [6]. At incident photon energies higher than 2 GeV

the cross-section off neutrons agree well with the cross-section off protons.

These discoveries of the different behavior of the cross-section off protons compared to
that off neutrons of course raises the question of what this looks like for the w meson
production off nucleons.
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Figure 1.2: Total cross-sections for n’ mesons produced off the proton (blue squares), off the
neutron (red circles) and quasi-free inclusively (black triangles). The curves are fits
to different model calculations. The figure was taken from [6].

Search for “missing resonances”

As discussed above, structures in the excitation functions could indicate resonance con-
tributions. This leads to another important area of hadron physics, namely, the so-called
search for missing resonances. All present theoretical models predict more resonance states
than have been seen experimentally, hence the name missing resonances. Different models
of the hadron structure predict different resonances, so pinning down these missing reso-
nances can help in selecting the most accurate model description. Looking at structures
in the total cross-sections is a first step for observing resonances. However, for a clear
picture of which resonances contribute, generally polarization observables are needed [7].

In-medium modifications

One of the hot topics in modern hadron physics, where the work of this thesis would make
a contribution, is the search for in-medium modifications, i.e. changes of the properties of
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hadrons when embedded in a medium other than vacuum (for example hot and/or dense
matter). The background for this field is that for composite systems such as molecules,
atoms or nuclei the mass is close to the sum of the masses of the constituents (apart from
small binding energy effect). This is, however, not true for hadrons (systems made up
of quarks, such as mesons). Here, the sum of the constituent quarks only makes up a
very small part of the hadron mass. The remaining part of the hadron masses can be
thought to be generated dynamically, 7.e. due to the energy in the interaction among the
constituents. Another aspect is that the hadron masses are connected to the spontaneous
breaking of chiral symmetry which, in the limit of vanishing quark masses, is a fundamen-
tal symmetry of QCD. If chiral symmetry were to hold also in the hadronic sector one
were to expect masses of chiral partners (states with the same spin but opposite parity)
to be mass degenerate. Instead mass splittings are observed which are almost of the same
order of magnitude as the masses themselves [8]: there is a mass difference of 600 MeV
between the nucleon ground state with J™ = %Jr and the first excited %_ state of the nu-
cleon at 1535 MeV. The mass splitting between %+ A(1232) state and the 3~ D13(1520)
state amounts to 300 MeV. Similar mass splits are also observed in the meson sector, e.g.
p (17; 775 MeV) and a; (17; 1230 MeV). Chiral symmetry is, however, predicted to be
at least partially restored when entering into a dense matter and/or increased tempera-
tures. Consequently, a modification of observable properties of hadrons in the medium,
such as changes in their mass or widths would be expected. Various experiments have
seen indications for such modifications and a lot of theoretical work has been invested for
understanding these changes. For an overview of the experimental and theoretical efforts
made in this field see [9].

The experimental observable for extracting the in-medium width of mesons is the so-called
nuclear transparency ratio, which is defined as

Ty = AV (1.1)

A-oyNovx

where 0,4y x is the inclusive cross-section per nucleon for producing the meson off a
nucleus with mass number A divided by the inclusive cross-section for producing the
meson off a free nucleon multiplied by A. The transparency ratio describes the probability
that a meson escapes the nucleus. If the nucleus were transparent to the w meson the
transparency ratio would be T4 = 1. The loss of flux of mesons is related to the absorptive
part of the meson-nucleus potential and to the width of the meson in the nuclear medium.
The method to use the transparency ratio in order to extract the w meson width has been
motivated in [10] and [11]. However, since the cross-section for w photoproduction off the
neutron has been unknown up to the time of this thesis the transparency ratio has instead
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been normalized to the cross-section off carbon, i.e.

T, = 12-00a-vx (1.2)

A0y VX
Normalizing to carbon avoids systematic errors due to the possibly different cross-sections
for production off neutrons compared to off protons and enables comparisons to theoretical
calculations [12]. If both the cross-section off protons and neutrons were to be known the
transparency ratio could be calculated from the measured w production cross-section on
a nucleus with mass number A. This cross-section is an important input information for

model calculations and thus gives a quantitative understanding of the production off nuclei.

1.2. Other experiments on w production

1.2.1. SAPHIR

The photoproduction of w mesons off the free proton has been studied with the SAPHIR
detector at the ELSA facility in Bonn. The SAPHIR detector was a multi-purpose mag-
netic spectrometer which covered the full polar angular range. The solid angle, however,
was limited to 0.6 x4 sr. The w mesons were identified via the decay mode w — 7770,
The differential and total cross-sections were measured for the threshold energy up to
E, = 2.6 GeV. For very small momentum transfers to the nucleon, |t — t,,,|, the accep-
tance approaches zero, due to too low momenta of the proton. Therefore, in the region
|t — tmin| < 0.01 GeV the differential cross-sections could not be determined, but had to
be extracted from an exponential extrapolation. The total cross-sections were obtained by
integration of the exponential fit and adding the values of the bins with larger |t — ¢ .
The result can be seen in fig. 1.3 together with previous measurements and partial wave
decomposition. The differential and total cross-sections indicate that there are strong
resonance contributions close to threshold. A coupled-channel analysis performed by G.
Penner and U. Mosel taking the SAPHIR data into account showed that the dominating
resonance is the P11(1710) [13]. Apart from that, there is a non-negligible contribution
from the 7¥ t-channel exchange process. For a comparison of the data of this work to
the SAPHIR data see fig. 6.3 for the differential cross-sections and fig. 6.14 for the total
cross-section. The slope parameters of the exponential fits are compared in fig. 6.4.

1.2.2. JLab

High-statistics differential cross-sections and spin-density matrix elements for w mesons
produced off the free proton (yp — wp) have been measured by the CEBAF large accep-
tance spectrometer (CLAS) at the Thomas Jefferson National Accelerator Facility [19].
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Figure 1.3: Total cross-sections for yp — wp. Data from SAPHIR (full circles), from [14] (open
circles), from [15] (crosses) and from [16] (open squares). Partial-wave decomposition
(13, 17): JF = %Jr (dotted line), J¥ > %+ from 70 exchange (short dashed line),
JP =3 (dashed line), J© = %Jr (dashed-dotted line), J¥ = 2~ (dashed-double-
dotted line). The figure was taken from [18].
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The w meson was identified through its decay w — 777~ 7%, The charged particles were

detected (and their momenta calculated) by drift chambers placed in a magnetic field. The
79 meson was treated as a missing particle. The differential cross-sections were computed
for 10 MeV wide bins for incident beam energies from threshold up to 2.84 GeV. Each
energy bin was divided into 20 bins of cos(#%,, ) of 0.1. Due to limitations of detector
acceptance, however, computation in all angular bins were not possible. Figure 1.4 shows
the differential cross-sections from CLAS data (blue circles) together with the SAPHIR
data (open squares). It shows that although the CLAS data have higher statistics, the
acceptance is worse than what SAPHIR had. In general there is a good agreement between
the data of the two experiments. For moderate angles cos(6%,, ) < 0.5 the agreement is
very good for incident beam energies up to W = 2.0 GeV but for higher incident beam
energies the data from CLAS tend to be higher than the data from SAPHIR. For larger
angles the agreement is good for the full energy range. Due to the limited acceptance, no
total cross-sections were determined from the CLAS data. None of the theoretical models
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Figure 1.4: Differential cross-section from SAPHIR (open squares) and CLAS (blue circles) [19].

available at the time were able to describe the behavior of the spin density matrix ele-
ments calculated, which implies that the experiment is valuable for further development
of theoretical models describing vector-meson photoproduction.
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1.2.3. GRAAL

The photoproduction of w mesons off protons and off neutrons (bound in a deuterium tar-
get) has been studied at the GRAAL (Grenoble Anneau Accelerateur Laser) experiment
which is located at the ESRF (European Synchrotron Radiation Facility) in Grenoble. A
linearly polarized photon beam, enabling both a study of cross-sections and of polariza-
tion variables, with tagged photon energies going up to 1.5 GeV was used on both liquid
hydrogen and liquid deuterium targets. The decay channels studied were w — 77 7~
for the yp — wp reaction channel and w — 7%y for the yn — wn reaction channel. For
detection of the decay products a barrel of plastic scintillators and a ball of BGO crys-
tals were used in the central region and two walls of plastic scintillators plus a sampling
calorimeter in the forward region for photon-neutron discrimination. In addition, there
were wire chambers for tracking of charged particles in both the central and the forward

regions.

The GRAAL experiment claims to get beam asymmetries consistent with the ones ob-
tained by SAPHIR for w mesons produced off the free proton. For w mesons produced off
the neutron higher statistics are needed for a clear interpretation of the results and only
a preliminary cross-section of 4ub close to threshold was stated [20].

1.3. Outline of this thesis

The next chapter discusses the basics of elementary particle physics as it is described in
the Standard Model. The properties of the mesons relevant for this work are listed in
table 2.4 and explained in the text. The photoproduction process is described and the
definitions of differential and total cross-sections are given. The chapter ends with a short
description of the theoretical model used for calculations to which the data of this thesis
is compared.

Chapter 3 gives an overview of the experimental setup at the ELSA accelerator in Bonn
which was used to obtain the data analysed. The different components of the detector
system and their properties are described as well as the targets used. The relevant beam

times are listed in a table at the end of this chapter.

Chapter 4 explains the calibration procedure used in order to transform the recorded
raw-data into physical quantities.
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Chapter 5 explains the particle reconstruction and the analysis steps done for each re-
action channel studied. The acceptances obtained from simulations are shown and the
photon flux determination is described.

In Chapter 6 the results of this work are shown and compared to previous results from
other experiments when possible. Furthermore, a comparison to theoretical calculations

is given.

Chapter 7 discusses the conclusions of this work as well as the uncertainty of the results.

1.4. Units used

In particle physics the usual unit of energy is electron volt (eV). 1 eV is defined as the
energy that a particle with 1 elementary charge (such as an electron) gains when falling
through a potential of 1 V. For convenience the so-called natural system is often used.
This implies setting the natural units A = ¢ =1, where h is the reduced Planck constant
and c is the speed of light in vacuum. The formulas E = mc? and p = E/c show that
both energy and momentum are measured in eV. This notation is also used in this thesis.
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2.1. The Standard Model of particle physics

2.1.1. The fundamental particles

The Standard Model combines all the knowledge we have so far about the structure and
interactions of matter into a consistent picture, with the exception of gravity. It states
that all matter is composed out of a small number of fundamental spin—% particles, so-
called fermions. These fundamental constituents are six types (or flavors) of quarks
and six leptons, listed in table 2.1 together with their charges. The pairs are ordered in
the table according to increasing masses from left to right. Each particle also has a corre-
sponding anti-particle with the same properties but opposite charge and magnetic moment.

The quarks carry fractional charges +%e or —%e. The flavors are denoted by u for up, d
for down, c for charm, s for strange, t for top and b for bottom. In addition, each quark
carries a property called color (red, green or blue) giving a total of 6-3-2 = 36 different
quarks (anti-particles included). In table 2.2 the six flavors of quarks are grouped into
three pairs (or three generations). Their masses are also listed in addition to two quantum
numbers (isospin and strangeness) that is explained in sect. 2.2.1.

The leptons are colorless particles with integer electric charges. The electron e™, muon
p~ and tauon 7~ each have unit negative charge. The u~ and 7~ are much heavier than
the electron (m, = 105 MeV and m, = 1784 MeV compared to m, = 511 keV) and thus
very unstable and quickly decay into electrons and other lighter particles. The mean life
time of the muon is 2.2-107% s and that of the tauon 2.9-107'3 s. The neutral leptons,
called neutrinos, exist in three flavors corresponding to the three charged leptons, v, v,
and v,. The neutrinos are extremely light particles and only upper limits of their masses
have been determined. As a consequence of the observation of neutrino oscillations, at
least two of the neutrinos are known to have non-zero masses.

10
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Table 2.1: According to the Standard Model all matter is built from these twelve fundamental

Fundamental Particles
Particle Flavor Charge
Quarks | u ¢ t + % e

d S b - % e
Leptons | e™ pu= 717 -e
Ve Uy Ur 0

particles. The charge is given in the quantity e, elementary charge.

Generation Name Mass [MeV] Isospin I3 | Strangeness S
1 up (u) 1.7-3.3 1/2 0
down (d) 41-5.8 -1/2 0
2 charm (c) 12704-70-90 0 0
strange (s) 101+29-21 0 -1
3 top (t) (172 4+ 0.9+ 1.3) - 103 0 0
bottom (b) 4190+180-60 0 0

Table 2.2: The quark families and their properties [21].

11
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2.1.2. The fundamental interactions

It has been found that nature is governed by four forces: gravitation, the electromagnetic

force, the strong and the weak force. Gravitation affects all particles and even though it is

the oldest known force it is also the least understood and the force carrier, the graviton,

has not been experimentally detected. Thus it has not yet been successfully implemented

into the Standard Model and this is one of the major reasons why this model is not the

final word and physicists are looking for physics beyond the Standard Model. However, in

the sub-atomic region the gravitational force becomes so weak that it can be neglected and

the Standard Model works well to describe processes in this region. The three interactions
(listed in table 2.3) that are included in the Standard Model are:

12

e The Electromagnetic Interaction which acts between all particles with electric

charges. It is attractive for particles with electric charges of opposite sign and repul-
sive for charges of the same sign. The force carrier of this interaction are photons, =,
which are neutral and massless particles, hence the range of the electromagnetic force
is infinite. QED (Quantum Electro Dynamics) is the well established and extremely

precise theory describing the electromagnetic interaction.

The Weak Interaction which affects all particles, but is so weak that it only plays
a role in interactions between particles which do not interact via the electromagnetic
and strong force. The only particles which fulfill these conditions of neither electric
charge nor color are the neutrinos. The force carriers that mediate the weak force
are W, W~ and Z°. They are all very massive which implies that the weak force is
very short ranged. The electromagnetic and weak interaction have been successfully
unified into the electroweak force.

The Strong Interaction which works between particles that carry color. As the
name implies this force is stronger than both the electromagnetic and weak interac-
tions. It is the force responsible for binding quarks into protons and neutrons and
between protons and neutrons inside nuclei. This implies that it is strong enough
to overcome the electromagnetic repulsion between protons inside the nucleus. The
force carriers mediating this force are called gluons. The gluons themselves also
carry color charge and thus interact with each other via the strong force. This is
the major difference to the QED (describing the electromagnetic interaction) where
the photons are charge-less and it implies that the strong interaction is short-ranged
(roughly the diameter of a nucleon) even though the gluons are massless.
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Interactions
Force Strong | Electromagnetic Weak
Force Carrier | 8 gluons photon Wt W A
Mass [GeV] 0 0 ~80 ~80 =90
Range [m] ~10~15 00 10-18

Table 2.3: Properties of the fundamental forces of the Standard Model. The gravitational force
is not included in the Standard Model. The force carriers are so-called Gauge Bosons.

2.2. Hadrons

So far only colorless particles have been observed experimentally and thus single quarks
and other colored object are thought to be forbidden. The colorless composite particles
consisting of quarks are called hadrons. The discovered hadrons are divided into two
types, baryons and mesons. Baryons are three quark states (ggq) where each quark has
a different color so that the composite state is colorless. The mesons are a combinations
of a quark and an anti-quark (qg) where the anti-quark carries the anti-color of the quark

so it fulfills the requirement to be colorless.

There is no apparent reason why other combinations of more than three quarks (e.g.
qqqqq called pentaquarks), quark-gluon combinations (e.g. ¢gg called hybrids) or parti-
cles composed only out of gluons (e.g. gg-states called glueballs) should not exist, as long
as they are colorless, but so far there is no clear experimental evidence of such exotic
states. So, although these exotic stated are predicted by theories their existence is still
under debate and there are several experiments dedicated for this search.

2.2.1. Hadron quantum numbers

Any quantum system, such as hadrons, is characterized by its mass and certain quantum
numbers. These quantum numbers are discrete values that usually are conserved quan-
tities under symmetry operations. There are also so-called internal quantum numbers
which are not associated with space-time symmetries. They include the electric charge
Q and baryon number B, which are conserved in all known interactions, and quantum
numbers related to the flavor of the constituent quarks such as strangeness S, charm C,

13
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beauty B and truth T (T is zero for all known hadrons since the top quark is too unstable

to form observable hadrons). These flavor related quantum numbers are conserved in the

strong and electromagnetic interaction but not in the weak interaction.

The internal quantum numbers are so-called additive quantum numbers which means

that the sum of the numbers for the constituent quarks will give the quantum number

of the hadron and the sum of the quantum numbers of the particles in an interaction

is the conserved quantity. For multiplicative quantum numbers on the other hand the

product of the quantum numbers of the interacting particles is preserved, rather than the

sum. Here follows a short description of the main quantum numbers used to characterize

hadrons:

14

Spin S is the intrinsic angular momentum of sub-atomic particles. It was originally
thought to be the rotation of a particle around its own axis with a certain magnitude
and orientation of the rotational axis. However, contrary to ordinary orbital angular
momentum, spin can have half-integer values and is truly a fundamental property,
such as charge, of a particle. As mentioned in sect. 2.1.1 all fermions carry half-
integer spin whereas bosons carry integer spin. Quarks have spin 1/2 and they can
thus exist in the two different states, +1/2 or -1/2.

Orbital angular momentum L results from the motion of a particle, as opposed
to spin. It describes the relative orbital angular momentum with which two particles
couple. The lightest states of any combination of gqq or ¢q are assumed to have L
= (0, whereas more massive states may have higher orbital angular momenta.

Total angular momentum J is a combination of spin and orbital angular momen-
tum. For mesons the allowed states are |L — Syq| < J < |L + Sgql-

Parity P is the eigenvalue of a state under a parity transformation, which implies a
simultaneous change of sign for all space coordinates. There exist only two possible
values for this quantum number, P = +1 or P = -1. Parity is a multiplicative quan-
tum number and it is given by the product of the intrinsic parities of the constituent
quarks and a factor (—1)% from the coupling.

C-parity C is the eigenvalue of charge conjugation, which is an operation which
replaces all particles by their antiparticles. Like parity, C-parity is multiplicative
and can obtain the values, C = 41 or C = -1. C-parity is only defined for particles
that are their own antiparticle, i.e. neutral mesons.
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e Isospin I was introduced to simplify the interpretation of hadron physics. Based on
the fact of the similar masses of u and d quarks they were assumed to be two states
of the same particle, only distinguishable by their opposite direction of isospin. Thus
the third component of the isospin I3 is the important quantity. Obviously, u and d
quarks have opposite electrical charges so this formalism does not hold for electro-
magnetic interactions, but since the electromagnetic force is weak compared to the
strong force, isospin symmetry is still a good approximation. The isospin formalism
also holds for composite particles and implies that e.g. protons and neutrons can
be treated as the same type of particle, the nucleon. Such families of particles are
called isospin multiplets.

e G-parity G was introduced to be able to characterize also charged systems where
the C-parity cannot be applied. The G-parity is the eigenvalue of a charge conju-

gation operation combined with an isospin rotation. The G-parity is calculated by
G = (_1)S+L+I.

P_ P_
J’=0 s /=1 s
Ko K+ K*O K**
®——[F— ® ®——fF—®
/ \\ / \\
/ /
/ \ / \
Ty > \ p s \ p
PN 0 ®®®n ' &>, ' _0® 9®¢ : &—1.
-1\ -1/2 = 112 /1 -1\ -1/2 po 1/2 /1
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Figure 2.1: The nonets of pseudo-scalar (left) and vector mesons (right)
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¢ | JPe mass life time 7 cT decay modes I'y,
7% |17 | 07" | 134.98 MeV | 8.4-1077 s | ~ 24 nm | v 98.798%
ete 1.198%
w [07 | 177 | 78259 MeV | 831073 s | ~23 fm | 7077~ 89.1%
70y 8.28%

Table 2.4: Fundamental properties of the 7° and w mesons in vacuum [21]. T, is the branching
ratio for the given decay channel.

2.2.2. Mesons

As previously mentioned, mesons are particles consisting of a quark-antiquark pair, qq.
They are ordered in groups according to their quantum numbers described above. A quark
and an anti-quark can couple to form mesons with spin Sy = Sy + 53] and Sqq = S — S5/,
which means that the total spin of a meson is either 0 or 1 (thus they are bosons). The
lightest mesons have J”=0~ (S = 0 and L = 0), they are the so-called pseudo — scalar
mesons, and J© =17 (S = 1 and L = 0), so-called vector mesons. Focusing only on the
three lightest quarks, u, d and s, 9 qq states can be formed and they are divided into one
octet and one singlet. Figure 2.1 shows the nonets of pseudo-scaler mesons and vector
mesons ordered according to their third component of the isospin and strangeness (S = -1
for strange quarks and S = 1 for strange antiquarks). Due to the similar masses of these
quarks there will be a mixing of states. The two mesons of interest in this thesis can be

expressed by their quark content as

0y Lty gt

%) = \/§(| ) —[d'd*)) (2.1)
O = Lautaly wdld

) = (a1,

where the arrows denote the direction of the spin of the quarks. The main properties
characterizing these mesons are listed in table 2.4.
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JP=1/2+ AAS JP=3/2+ ALS
n(939) P(938) A(1232) A'(1232) A'(1232) A7(1232)
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?Q’(1672)
Figure 2.2: The lightest baryon octet (left) and decuplet (right).
quark content | I I3 Jr mass life time 7
proton uud 1/2 | 1/2 | 1/2F | 938.27 MeV | > 2.1-10%° years
neutron udd 1/2 | -1/2 | 1/2% | 939.57 MeV 885.7 s

Table 2.5: Fundamental properties of the two lightest baryons in vacuum [21].

2.2.3. Baryons

Baryons consist of three quarks, gqq, which implies that they are fermions, i.e. they carry
half-integer spin. Because of the increase of degrees of freedom (three quarks instead of
two, as is the case of the mesons) the number of possible states is highly increased and the
wave functions are more complex. However, they are ordered in a similar fashion as the
mesons according to their quantum numbers. As in the case of the mesons, the lightest
baryons will couple to a total angular momentum L = 0. Together with the possible
spin orientations this gives J© = 1/2% and J¥ = 3/2%. These lightest baryon multiplets
are shown in fig. 2.2 ordered according to their strangeness and third component of the
isospin. Table 2.5 lists some important properties of the proton and the neutron since
they are the baryons of interest in this thesis.
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2.3. w-photoproduction

The two main processes contributing to the w-photoproduction are:

e resonance contribution The photon couples electromagnetically to the nucleon
and creates an excited state of the nucleon, called resonance. Because of its short
life time (typically 7 =~ 6-1072* s; I & 100 MeV) this resonance decays predominantly
into a nucleon and one or several mesons via the strong interaction. The Feynman
diagram for this process is shown in fig. 2.3(a).

e t-channel exchange The photon transforms into an w meson by emitting an inter-

mediate meson (most likely a 7%

meson because of its low mass) which is absorbed
by the nucleon, see fig. 2.3(b). This process becomes important for small momen-
tum transfers to the nucleon which means that both the w meson and the nucleon

is moving in forward direction in the laboratory system.

(a) resonance (b) t-channel

Figure 2.3: Feynman diagrams of the w meson photoproduction through a resonance (a) and
through t-channel exchange (b).
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Figure 2.4: The Fermi momen-
tum |pY| distribu-
tion for a nucleon
in the deuteron
calculated from

the Paris potential
wave function [22].
The most probable
momentum is =40

MeV.

Yield [a.u]
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2.4. Impulse Approximation

The Impulse Approximation (IA) was used in the event generators for the Monte-Carlo
simulations for the reactions off the bound target nucleons as a way of taking the the
momentum distribution of the nucleons (Fermi motion) into account. In addition, it
was also used for folding the Fermi motion on the w cross-section off the free proton
for a comparison to the cross-section off the bound proton. One way of describing the
momentum distribution of nucleons bound in deuterium is with the Paris wave function
[22] which is depicted in fig. 2.4. For the reaction off the bound proton, the proton is the
participant nucleon and the neutron the spectator nucleon, of course the opposite holds
for the reaction off the bound neutron. The participant nucleon has a momentum Pp = p
according to the Fermi distribution and the spectator nucleon has momentum Pg = —p’.
According to energy and momentum conservation

Ep =mgq — \/m%.—i—P%, (2.2)
ES:\/m%.—i—]ﬁ, (2.3)

where Fp and Fg is the energy of the participant and spectator nucleon, respectively, and
mg=1875.6 MeV is the mass of the deuteron. The Fermi momentum vector components
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Pfa = pslsin(0) cos(¢) (2.4)
Pry = |pslsin(0) sin(¢) (2.5)
Py = Ipyslcos(6), (2.6)

where p; was generated randomly from the distribution in fig. 2.4. The initial state is
then

Ptot,x Pfa (2-7)
Ptot,y =Dfy (2-8)
Piot. = Ey +py2 (2.9)

Efy = Ey+ Eg (2.10)
BT — B 4+ Ep, (2.11)

where E7 and Efftf was calculated either on-shell or off-shell, respectively. The on-shell
and off-shell invariant mass squared were calculated by

s = (EJ)? — ||Peot||” = 2E,(Es — Ps.) + E% — P§ (2.12)
o1 = (BP)))? — || Piot|* = 2E,(Ep — Pp) + B} — P (2.13)

In this work the off-shell calculation was used. The produced w meson in the c.m.-system
could now be calculated by

s —m?2, + m?

Epom = 2.14
w,em N (2.14)
|Poem| = \/ B2 o — m3 2.15

P, em,z = |Pu.cem| sin(0cm) cos(dem,)
Fo.emy = |FPo,em| sin(fcm) sin(¢em )
Py em,z = |Po.em| cos(bem) -

The participant nucleon in the c.m.-system

sOff—ma—i—m%;

Epem = 2.19
N 21
|Ppem| = £/ E% o — M 2.20

(PP,cm)J: = _Pw,cm,x
(PP,cm)y = —Foemy

PP,cm,z = _Pw,cm,z .
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In the laboratory frame

Ew,lab - V(Ew,cm + ﬁz : Pw,cm,z) (224)
Pw,lab,a: = Pw,cm,a: (225)
Pw,lab,y = Pw,cm,y (226)
Pw,lab,z - ’Y(Pw,cm,z + ﬁz : Ew,cm) 3 (227)
where
2 2 2
v = & _ \/Pw,lab,$ + Pw,l;b,y + Pw,lab,z +1 (228)
my, m2
and
ﬁa} = - w,lab,a:/(’)/ : mw) (229)
ﬁy = - w,lab,az/(’y . mw) (2'30)
B, = — w,lab,x/(’)/ : mw) . (2-31)

Each of the decays w — 7%y — vy were performed in the c.m.-system of the decaying
particle and then the four-vectors of the decay products were calculated in the laboratory
system according to the Lorentz transformations described above.

2.5. Theoretical calculations

The study of pion- and photon induced reactions on nucleons is an important part of mod-
ern hadron physics. It provides information on meson-baryon interactions which is crucial
for the investigation of in-medium effects in nuclear media. In addition, the information
on the baryon resonance spectrum will increase the understanding of the hadron structure
and the strong interaction. Some quark models predict more resonant states than have
been confirmed by experiments so far. It is thought that these so-called “missing” reso-
nances couple weakly to the m/N channel which has for many years been the predominant
experimental approach to study the excitation energy spectrum of the nucleon. For this
reason it is important to study data from other reactions as well as to have a theoretical
model that involves other final states.

The results of this thesis have been compared to coupled-channel effective Lagrangian

calculations. The idea of such calculations is to include as many channels and partial
waves as possible and to allow for much experimental information as constraints. The
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2. Theory

model used by V. Shklyar includes the YN, 7N, 27N, nN, wN, KA and KX final states
(with resonance spins J = 1/2, 3/2 and 5/2) for the energy region /s <2 GeV [23]. Data
measured by SAPHIR off the free proton has been incorporated, but no data off neutrons
have been used. In order to give reliable results on cross-sections off neutrons, that would
have to be included. Till now the calculations are just crude but can still give some indi-
cations, so a comparison is still interesting. A through explanation of nucleon resonance

analysis in a coupled-channel approach is given in [17].

2.6. Cross-section

The cross-section is a measure of the probability of a certain reaction to take place. The
rate W, at which a specific reaction occurs in a scattering experiment with a beam hitting
a stationary target is proportional to the number N of particles in the target and the rate
per unit area at which the beam particles cross the target. The later rate is the so-called
fluz

J =nyv;, (2.32)

where ny is the density of particles in the beam and v; is their velocity with respect to the
target. Thus the rate W, can be written as

W, =JNo,, (2.33)
where o, is the cross-section for the reaction r. The luminosity is then defined as
L=JN (2.34)

and it absorbs the dependence on the densities and geometry of the target and the beam,
while the cross-section is independent of these factors. It is clear from eq. 2.33 that the
cross-section has the unit of area and since it is typically a very small quantity it is usually

expressed in barns, b, where 1 b = 10728 m?.

Written in a slightly different way the cross-section is

Nevents(E'y)
e(Ey) - &+ Ny(Ey) - Ty, .

o(E,) = (2.35)
In the case of w photoproduction, Neyents (F-) is the total number of w events in the channel
of interest in a certain window of incident beam energy of the photons, € is the detection
efficiency obtained from simulation, ¢ is the target density (number of target nuclei/cm?),
N,(FE,) is the number of incident beam photons in the selected energy window and I'y, is
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2.7. Differential cross-section

the branching ratio of the chosen channel. The branching ratio is defined as the fraction
of all decays leading to the selected final state. The relevant branching ratios are listed in
table 2.4. The target density is calculated by

Ngy-p- L
S L 2.36
5 A ) ( )
where Ng, = 6.022-:10%mol =1, p is the density of the target ([g/cm?]), L is the length of
the target and A is the atomic weight. The properties of the target used in this experiment

are listed in table 3.1.

2.7. Differential cross-section

If the produced particles in the reaction are not isotropically distributed and the true
angular distribution is unknown, the total cross-section has to be calculated from the
integral of the differential cross-section, i.e.

do
= (Y40, 2.
- /dQ (2.37)

The differential cross-section is proportional to the probability of the particle being pro-
duced in a certain solid angle dQ? = dcosfd¢ in the direction (6,¢). The differential
cross-section depends not only on the energy and the angle but also on the spin states of
the particles involved. However, in most experiments the beam and target are unpolar-
ized and the spin of the final state particles are not measured. In such cases there exists
a perfect cylindrical symmetry around the beam axis and the unpolarized cross-section is
independent of the ¢ angle. This is the case for the cross-sections discussed in this thesis
and thus the total cross-section can be calculated from

1
do
= dcosf . 2.38
7 /_1 o8 dcos@ ( )
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3. Experimental Setup

The experiment was performed in 2002-2003 at the ELectron-Stretcher-Anlage (ELSA) in
Bonn, Germany. This chapter describes the production of the photon beam, the target and
the detector system which detected the final decay products from the hadronic reactions
produced in the target. The two major parts of the detector system were the Crystal
Barrel (CB) and the Two Arm Photon Spectrometer (TAPS) and together they formed a
near 47 solid angle coverage.

3.1. The accelerator

The ELSA facility delivered a beam of polarized or unpolarized electrons with an energy
of up to 3.5 GeV. The electrons were produced by an ionic generator, the electron gun,
at energies between 1 eV and 1 keV. They were subsequently accelerated by the LINAC
(LINear ACcelerator) up to 20 MeV and then injected into the booster synchrotron for
further acceleration up to 1.2 GeV. After that they were injected into the stretcher ring
for the final acceleration up to 3.5 GeV. Figure 3.1 shows an overview of the accelerator.
In the stretcher ring the electron bunches were also stretched out into a continuous beam.
The maximum energy possible was 3.5 GeV, but for the data sets analysed in this work
the electron energy was set to 2.6 GeV and 3.2 GeV. More details about the ELSA facility
can be found in [24].

3.2. The beam line

The beam extracted from ELSA entered the experimental hall, hit a radiator (copper foil)
and created Bremsstrahlung photons. The electrons that did not undergo Bremsstrahlung
in the radiator were deflected out of the photon beam by a magnetic field and directed
into the so-called beam dump. The beam dump was made out of lead, iron, boron carbide
and polyethylene and had the purpose to absorb the electrons and shield the detectors
from its reaction products. The electrons that did scatter in the radiator were even
more deflected by the magnetic field (since they had lost some of their energy in the
Bremsstrahlung process) and were detected by the tagging system where their position
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3.3. The tagging system
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Figure 3.1: A schematic view of the ELSA electron accelerator in Bonn.

and time were measured. The Bremsstrahlung photons went in forward direction and hit
the target, which was surrounded by the inner detector at the center of the CB, where
possible interactions took place. Short-lived particles produced in the target decayed on
their way to the detector where their decay products were registered. The photons that
did not interact with the target were counted by the gamma veto at the end of the beam
line and their number was used to estimate the flux. The gamma veto was also used for
monitoring the position of the beam. A schematic layout of the beam line can be seen in
fig. 3.2.

3.3. The tagging system

The photon beam produced by Bremsstrahlung processes in the radiator has an energy
spectrum that was, in first approximation, given by ® o 1/FE,. The time and energy
information of the recoil electrons, E!, was extracted by the tagging system, placed in the
focal plane (see fig. 3.3). Combined with the information of the energy of the electron
beam when extracted from the stretcher ring, F., the energy of the photons, £, could be
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3. Experimental Setup
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Figure 3.2: The setup of the CB/TAPS experiment. The beam was coming from the left. The
different detector components are described in the text.

calculated on an event-by-event basis according to
E,=E.—E.. (3.1)

The tagging system consisted of 14 overlapping plastic scintillator bars read out by pho-
tomultipliers on both ends of each bar. To improve the energy resolution a scintillating
fiber detector was added in front of the bars in the region where the energy of the de-
flected electrons was highest. The scintillating fiber detector consisted of two layers of
240 fibers each. The two layers were positioned in an offset manner so that each fiber
partly overlapped with two fibers in the other layer. The bars covered an electron energy
region of 22% to 92% of the incoming electron energy. For the scintillator fiber detector
the covered region was 18% to 80%. A proportional wire chamber was also installed at the
lower electron energy side, but this was not in use for obtaining the data analysed in this
work, since the energy region covered was outside the region of interest. For a detailed
description of the tagging system see [25].

3.4. The target

The target was of cylindrical shape with a length of 5.275 ¢m and a radius of 1.5 cm and
made out of a kapton foil with a thickness of 0.625 mm. For this work the target was
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3.4. The target
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Figure 3.3: The Tagging system. The e™-beam generated photons through the Bremsstrahlung
process in the radiator. The scattered electrons were bent by the magnetic field and
registered by the tagger consisting of a proportional wire chamber, scintillating bars
and fibers. More details are given in the text.

filled with either liquid hydrogen (LHs) or liquid deuterium (LD3). The properties of both
targets are listed in table 3.1. The target was situated inside the aluminum beam pipe
surrounded by the Crystal Barrel and it was cooled by a heat exchanger. More details

about the target can be found in [26].

Target | Length [cm] | Density p [g/cm?] | Density & [em ~2] | Atomic weight [u]
LH, 5.275 0.071 2.24x10723 1.008
LD, 5.275 0.169 2.67x10723 2.014

Table 3.1: Target properties. The target density £ has been calculated according to eq. 2.36.
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3. Experimental Setup

3.5. The CB/TAPS detectors

The CB/TAPS detector system collected information about the decay particles, origi-
nating from the reaction of the Bremsstrahlung photons with the target, and the recoil
nucleons/nuclei. The parameters that were directly measured by the detectors were time,
position and energy. From these values the reaction in the target could be identified and
the original meson could be reconstructed and its momentum and energy calculated.

Material BaFy (TAPS) | CsI(T]) (CB)
Density [g/cm3] 4.89 4.53
Radiation length X [cm] 2.05 1.86

Crystal length [cm] 25 =~ 12X, 30 =~ 16X
Moliere radius [cm] 4.3 3.8

Fast component decay time [ns] | 0.6 0.9 and 7000
Light Yield [photons/MeV] 1430 51800
Maximum emission: wavelength [nm] | 195 and 220 | 550

Slow component decay time [ns] | 620

Light Yield [photons/MeV] 9950

Maximum emission: wavelength [nm] | 320

Table 3.2: Properties of the scintillating materials BaFy and CsI(T1). While BaF has two scintil-
lating light components with different decay times, CsI(T1) only has one. The radiation
length Xy corresponds to the length in which the energy of an electron is reduced by
a factor 1/e due to radiation losses. Two Moliére radii (in the transverse direction)
contain more than 90% of the shower energy.
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3.5. The CB/TAPS detectors

3.5.1. Crystal Barrel (CB)

The Crystal Barrel is an electromagnetic calorimeter consisting of 1290 Csl crystals, doped
with thallium in order to increase the light yield (the number of generated photons per MeV
deposited energy in a scintillating material). The properties of CsI(T1) as a scintillator
are listed in table 3.2 (as well as the properties for BaFy which was the material used in
TAPS). Its main purpose was to detect photons in an energy range from 20 MeV to 2 GeV
with good energy and spacial resolution. The energy resolution was given by

op _ 2-3% (3.2)

E  YE/GeV

and the spacial resolution was 20 mrad (40 mrad for the backward rings). The crystals
were arranged in a barrel shape covering polar angles from 30° to 168°, with all crystal
modules facing the vertex with a mean distance to the target of 300 mm. They were
ordered in 23 rings of 60 crystals and each crystal module (see fig. 3.4) was surrounded
by a kapton foil for electrical isolation and mounted in a titanium case for mechanical
stability. The crystals were approximately 30 cm long and were read-out by photodiodes
attached to the end surface with a 3 mm plexiglas sandwiched in-between, to improve the
light transfer from the crystal to the somewhat smaller sensitive area of the photodiode.
A light pulser system was connected to each crystal in order to monitor the stability of
the gain of the crystal. The cross-section and a photo of the CB detector can be seen in
fig. 3.5. For more details about the crystal barrel read [27].

CsI(TI)

2mm Titan

10cm : 3 2

Figure 3.4: cross-section of a CsI(T1) module of the Crystal Barrel: (1) titanium housing, (2)
wavelength shifter, (3) photodiode, (4) preamplifier, (5) optic light fiber, (6) case
cover.
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3. Experimental Setup

i

Ui

(a) cross-section (b) photograph

Figure 3.5: The Crystal Barrel (CB) detector. The target was situated at the center of the
detector surrounded by the inner detector (used for charged particle identification).

3.5.2. The inner detector

The inner detector (depicted in fig. 3.6) was placed between CB and the target and it was
used for identification of charged particles [28]. It consisted of three layers of scintillating
fibers with a thickness of 2 mm. Each layer was oriented at an angle to the others in such
a way that it was possible to obtain all three spatial coordinates of a charged particle
crossing the detector. The outer layer had a diameter of 128 mm and consisted of 191
fibers. The middle layer contained 165 fibers oriented at an angle of +25° with respect
to the outer layer. The innermost layer had a diameter of 116 mm and consisted of 157
fibers oriented at an angle of -25°. The three layers were mounted in an epoxy composite
cylinder of 0.8 mm thickness for support. The inner detector covered a region of polar
angles from 28° to 172°. The energy deposition was not measured with this detector, only
the position and time information of charged hits were registered.

3.5.3. The Two Arm Photon Spectrometer (TAPS)

The TAPS detector is an electromagnetic calorimeter made out of 528 BaFy crystals. It
was designed to detect photons over a wide range of energies, from a few MeV up to a
few GeV. But it is also capable of detecting charged mesons and recoil nucleons. The
crystals are of hexagonal shape with a length of 250 mm (12 radiation lengths) and a cone
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3.5. The CB/TAPS detectors

Figure 3.6: The inner detector for charged particle identification, consisting of three layers of
scintillating fibers.

diameter of 59 mm (the last 25 mm have a cylindrical shape in order to facilitate the
connection to the photomultiplier) and they were assembled in a hexagonal wall according
to fig. 3.7. This arrangement made it possible to obtain a better spacial resolution than
what was given by the width of the crystals, because the energy of the particles were de-
posited in several crystals in a so-called cluster! and through weighting, the true (within
the resolution) position could be calculated. The position resolution was found to be 20
mm for 790 GeV photons and the energy resolution was given by og/E = 3%/\/E/GeV
[29]. TAPS was positioned at 1.18 m distance from the target in forward direction in or-
der to fill the hole of the Crystal Barrel. It covered a region of polar angles from 5° to 30°.

Each crystal was wrapped in 8 layers of 38 yum PTFE and one layer of aluminum foil
as a reflector and coupled optically to a photomultiplier (Hamamatsu R2059-01). The
photomultiplier converted the light generated in the crystal into charge and multiplied it.
In order to get the required mechanical support, the crystal and the base of the photomul-
tiplier was covered by a 0.2 mm thick light-tight PVC tube. A schematic view of a TAPS
module is shown in fig. 3.8 and the scintillating properties of BaFs are listed in table 3.2.

For more details see [30].

!The largest possible group of adjacent crystals with a registered energy above the CFD threshold.
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3. Experimental Setup

(a) schematic view (b) photograph

Figure 3.7: The TAPS detector.

lightguide voltage-divider

photomultiplier quartz fibres
T o (laser)

BaF,-scintillator photomultiplier

plastic scintillator magnetic active
(veto detector) shielding voltage-divider

Figure 3.8: Schematic view of a TAPS module, which consists of a BaF5 crystal with a plastic
scintillator in front, both being read-out by photomultiplier tubes. The crystal has
a length of 25 cm with a diameter of 5.9 cm
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3.5. The CB/TAPS detectors

3.5.4. The veto wall

Placed in front of each crystal in TAPS was a plastic scintillator (NE 120A) of hexagonal
shape, with the same diameter as the crystals and a thickness of 0.5 cm [31]. The plastic
scintillators were sensitive only to charged particles and could therefore be used as a veto
on those. To each veto detector a light fiber guide was attached to transport the generated
light to the photomultipliers mounted at the side of TAPS. See fig. 3.9 for a photo of one
veto plastic scintillator with attached optical fiber.

Figure 3.9: Photo of one Veto detector element, a 5 mm thick hexagonal plastic scintillator with
the attached fiber which collected the light and transported it to the photomultiplier.

3.5.5. Beam monitor

In order to determine the total cross-sections, information about the flux of photons hitting
the target is needed. This number was not equal to the number of electron hits in the
tagger, since there could also be accidental hits plus the fact that only the photons passing
the collimator would reach the target. For this reason a gamma veto detector was installed
at the end of the beam line (see fig. 3.2) consisting of 9 lead glass crystals. The gamma
veto registered those photons that did not undergo any reaction with the target. Since
rates of a hadronic reaction in the target are extremely small the gamma veto rate could
be taken to be the flux. The gamma veto was also used to monitor the position of the
beam in order to check the alignment.
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3. Experimental Setup

3.6. Particle interactions with detector material

The decay particles entering the detector loose energy in the detector material in different
reactions depending on the type of particle. Here follows a list of the main processes
occurring when particles pass through matter.

e Charged hadrons (protons): Loose their energy primarily through ionization.
However, elastic scattering and nuclear reactions also contribute.

e Neutral hadrons (neutrons): Since there is no electric charge present, there is no
Coulomb interaction, therefore they loose their energy through strong interactions
with the target nuclei. There are various different nuclear processes possible depend-
ing on the energy of the neutrons. For low energy neutrons (below 1 MeV) the main
processes are elastic scattering, radiative neutron capture and absorption. At higher
energies nuclear reactions creating charged particles occur and at energies above 100
MeV hadronic showers can be formed.

e Photons (and electrons): High energy photons entering the detector material cre-
ate electron-positron pairs (pair-production) which in turn generate photons by the
Bremsstrahlung process. These photons generate new electron-positron pairs which
produce further Bremsstrahlung photons. These two processes alternate and result
in a cascade in the material called electro-magnetic shower which continues until
the electrons/positrons are not energetic enough to further produce Bremsstrahlung
photons, but instead loose their energy through atomic collisions.

A more detailed account of the passages of particles through matter and the processes
governing their energy losses can be found in [32].

3.7. Data acquisition

This section describes the handling of the electronic signals from the different detector
parts and the decision-making of which data will be stored on disc, the so-called triggering.

3.7.1. The tagging system

Each of the 480 wires in the tagging system were connected to Constant-Fraction Dis-
criminators (CFDs) positioned close to the tagger. The resulting logic signals were taken
outside of the experimental hall through delay cables and passed through a passive split-
ter. Then the signals were fed into a multi-hit Time to Digital Converter (TDC), with a

34



3.7. Data acquisition

resolution of 64 ps/ch, and into a scaler. A coincidence between an electron in the tagger
and a hit in the CB/TAPS detector system signals that a photo reaction in the target took
place. The TDCs were operated in common stop mode and a signal from the CB/TAPS
was used as a stop. The TDCs were read out only when this coincidence condition was
fulfilled. Scalers were read out without this coincidence requirement. The TDCs and
scalers were mounted on top of CATCH (COMPASS Accumulate Transfer and Control
Hardware) boards that were readout via a VME interface [33]. The signals from the bars
(two from each bar) were fed through delay cables and read by standard TDCs, QDCs
(Charge to Digital Converters) and scalers. A logic AND was constructed to count the
hits in the overlapping region between two bars.

3.7.2. Crystal Barrel electronics

The CB electronics recorded the deposited energy in all modules for each event. The
signals from the CB photodiodes were passed through shapers and were integrated by
QDCs in two different energy ranges. The QDCs contain two capacitors and the incoming
signal was split between them in a ratio of 1 to 8. The internal logic then decided which
charge would be digitized. If the signal was small the charge on the capacitor with the
largest charge was used and if the signal was large the smaller charge on the other capacitor
was integrated. In this way, the two capacitors cover two different energy ranges, up to
200 MeV and up to 2 GeV, respectively. The selected range was digitized in 12 bits and
an additional bit was set to specify which range was selected. The QDCs were read out by
VMCI compatible boards running Linux. The interface VME backplane was accomplished
via a Tundra Universe PCI-VME interface. There were two such modules, one for the
upstream half of CB and one for the downstream part. The two VMCI computers each
build their sub-event that was then sent via TCP/IP to a central event builder. More
details can be found in [34]

3.7.3. The inner detector electronics

The inner detector recorded the time and position of charged particles. The signals from
the photomultipliers were sent to trigger electronics inside the experimental hall where the
number of layers hit were used to trigger on charged events. The signals were then taken
out of the experimental hall and fed into TDCs.
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3.7.4. TAPS electronics

The TAPS electronics recorded the deposited energy and the time in all modules for each
event. A diagram of the TAPS electronics can be seen in fig. 3.10. The signals from the
BaFy modules were split 4-fold by active splitters close to the TAPS wall. Two of these
signals were used to generate the TAPS pre-trigger and were fed to two Leading-Edge
Discriminators (LED low and LED high). The LED low and high were set differently
according to the position of the BaF,, i.e. in which ring it was positioned. The calibra-
tion of the LEDs were done by checking for each ring where the discriminators cut off the
calibrated energy spectrum. The third signal was used for timing purposes and was fed
into a CFD. The CFD thresholds were set to 20 mV which corresponds to an energy of
15 MeV. Only detectors with a registered energy above this threshold were read out.

4-way
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Figure 3.10: Schematic drawing of the TAPS read-out electronics.

The forth signal was the analogue signal with the energy information. It was delayed
with 60 m of cable and a 500 ns delay box (to allow enough time for the trigger to be
formed) and was then fed into a QDC. There, it was integrated over a short gate (50 ns)
and a long gate (2 us) which made it possible to distinguish between different types of par-
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3.7. Data acquisition

ticles that give different pulse shapes. The time gates for the integrations were generated
by a gate-generator (RDV) which was started by a signal from the CFDs. The voltage on
the photomultipliers were set so that the dynamic range was 2400 MeV, which gave 0.6
MeV /channel.

The time was measured by TDCs which were started by the trigger and stopped by
the CFDs. In this way the time of flight of the particles was measured and the resolution
was such that it was possible to distinguish between photons and nucleons, which have a
difference in flight time of 3 ns to 10 ns, respectively. For more details see [35].

3.7.5. The veto wall electronics

The signals from the Veto photomultipliers were fed to LEDs and a Veto was said to have
fired when the logic signal was above the LED threshold. This was recorded by a pattern
unit.

(a) LED low multiplicity 2 pre-trigger (b) LED high multiplicity 1 pre-trigger

Figure 3.11: Segmentation of the TAPS detector for the first-level triggers (or pre-triggers) [35].
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3.8. Trigger

Since the data acquisition system was not fast enough to record everything that was seen
by the detectors and because many processes that took place in the target were not of
interest to this particular experiment, there had to be a way of selecting interesting events
on-line. This was done by the trigger system. For this experiment it was built in two
stages, the first-level trigger that has to be very fast (less than 300 ns) and the second-
level trigger that could take a bit longer time and thus be more complex. The first-level
trigger decided whether an event was interesting enough to start the digitization of the
measured data. Because of the speed requirement, only TAPS, which was read out by
fast photomultipliers, was used for the first-level trigger, the photodiodes of the CB had a
too long rise time (2 us) for this purpose. The second-level trigger was formed during the
digitization time and could thus also include information from the CB. It decided whether
an event should be read out and stored.

3.8.1. First-level trigger

The first-level trigger was based solely on the information coming from TAPS, which was
divided into segments and three different triggers were defined according to the number
of hits (above LED-low and/or above LED-high) in these segments.

e LED-low mult 2: At least two hits above the LED-low threshold in different sectors
shown in fig. 3.11(a). The logic for this trigger can be seen in the lower branch in
the diagram in fig. 3.12.

e LED-low OR: At least one hit above the LED-low threshold (see the upper branch
in the diagram in fig. 3.12. This trigger was down-scaled.

e LED-high OR: At least one hit above the LED-high threshold. The segmentation
for LED-high was different than for LED-low and can be seen in fig. 3.11(b). Due to
a lack of LED modules some detectors did not have a LED-high module. For these
detectors the information from the LED-low had to be used. The detectors with
only LED-low modules were the outer crystals corresponding to segments 7 and 8 in
fig. 3.11(b). The logic of this pre-trigger is drawn in fig. 3.13.

If any of these three requirements were fulfilled the digitization of the event was started.
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Figure 3.12: Diagram of the LED-low pre-trigger [35]. Each LED module was connected to 16
detectors. An OR was built in between 4 LEDs according to the eight segments
shown in fig. 3.11(b). The multiplicity of hits in different segments were used to
form the pre-triggers.
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Figure 3.13: Diagram of the LED-high OR pre-trigger [35]. Multiplicities of 1 or higher were
selected.
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3. Experimental Setup

3.8.2. Second-level trigger

In the second-level trigger the information from the CB could also be used. This was done
by the FAst Cluster Encoder (FACE) which counted the number of clusters in CB. The
trigger requirements for the different second-level triggers used were:

e facetest2new: At least two clusters in CB and one LED-high hit OR two LED-low
hits (without any further requirement on hits in the CB).

e t2onosifi: At least one cluster in CB and one LED-high hit OR two LED-low hits
(without any further requirement on hits in the CB).

If either of these conditions corresponding to the selected trigger were fulfilled the data
was read out and stored for further processing. Table 3.3 lists the selected triggers with

the corresponding runs.

It should be noted that two other types of triggers were also used during the beam time.
Firstly, taggeror which had the only requirement that at least one electron has to have
fired the tagger. This trigger was used in order to calculate the tagging efficiency and con-
sequently the incoming photon flux. Secondly, there was a trigger used when measuring
cosmic radiation for debugging and calibration purposes. For this trigger the requirement
was set to be at least one hit above the CFD threshold for any detector module in TAPS.

3.9. Beam time overview

Table 3.3 lists important information, such as running time, beam energy, collected number
of events and which trigger was used, for the beam times with LHs and LD4 targets, which
were the beam times analysed for this thesis.

Target Date E.-[GeV] | Hours | No. of events trigger
LH, 2002/10-31 — 2002/11/15 | 3.2 200 326.094.892 t2onosifi
LDy | 2003/07/18 —2003/08/18 | 2.6 pol. 340 561.948.781 | facetest2new

Table 3.3: Overview of the analysed beam times with LHs and LDs targets. The term “pol.”
refers to a linearly polarized beam.
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4. Calibration

The data acquisition provided raw-data which have to be calibrated in order to get the
information in physical units, energy in MeV and time in ns. Due to unstable temperature
in the experimental hall (which for example affects the light yield of the crystals) and aging
of the electronics, a new calibration had to be done each day.

4.1. The tagging system

The tagging system was used to determine the energy of the incident photon beam reaching
the target. In order to do that, both energy and time had to be calibrated for the tagging
system.

4.1.1. Energy calibration

The energy calibration was necessary in order to find the relation between fiber number
in the tagging system and the energy in MeV of the Bremsstrahlung photons. The energy
of the recoil electron E,- is related to its hit position in the tagger which in turn depends

on the momentum of the electron (p) according to
E.- =pc=gq.-Bpc, (4.1)

where B is the magnetic field and p is the radius of the trajectory. Since B and p are
known, the energy of the electron can be calculated and thus the energy of the photon
through
0
E,=E,_ —-FE., (4.2)

where Eg_ is known from the accelerator.

The calibration was done by inserting a low-intensity electron beam with known energy
and scan over the tagging fibers by adjusting the magnetic field of the tagging magnet.
A more detailed account of this calibration method can be found in [36]. As a check, a
second calibration method was used which implied inserting a beam with different energies
directly into the tagging system. This was done for four different energy settings and a
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4. Calibration

calibration function of fourth order was determined [9]. A discrepancy between the two
calibration methods of up to 30 MeV for the lowest photon energies was observed. There-
for, a third calibration procedure had to be carried out. It made use of the fact that for a
linearly polarized beam, where the angle of the crystalline radiator is known, it is possible
to calculate the exact energy of the coherent peak [37]. The later two methods agreed
within errors, thus they gave a second order polynomial which was used as correction to
the fourth order polynomial obtained from the first method. For more detail see [38].

In this experiment two different beam energies ES_ were used, 2.6 GeV for the LDy beam
time and 3.2 GeV for the LHy beam time. The magnetic field was adjusted in such a way
that when no Bremsstrahlung process took place the electron trajectory was the same for
the two different beam energies. Thus

2.6GeV 173.2GeV
E2.6G6V _ Ee* E’Y
vy

E3.2G6V (4'3)
o

Figure 4.1 shows the relationship between the beam energy [MeV] and the tagger fiber hit
after calibration for the LDy beam time and the LHy beam time.
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4.1. The tagging system

4.1.2. Time calibration

The time calibration of the tagger was performed after the TDC calibration of TAPS was
done and the time difference between each tagger fiber and TAPS was set to be zero. The
tagger TDCs were started by the detection of an electron and stopped by the trigger

TaggerTDC = trigger — electron (4.4)
The TAPS TDC was started by the trigger and stopped by the TAPS CFD
TAPS TDC = photon — trigger (4.5)
These two equations together give
TaggerTDC + TAPS TDC = photon — electron (4.6)

Figure 4.2 (left) shows the time difference between detecting a photon in TAPS and an
electron in the tagging system versus tagging fiber number after alignment. Figure 4.2
(right) shows the same time difference summed over all tagging fibers. The prompt peak
in this time spectrum defines a true reaction in the target and selects the electron that
created the photon that induced it, in order to get the correct value of the incident beam
energy. The time resolution of the fibers was found to be 2 ns (FWHM), which is worse
than the TAPS resolution.
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Figure 4.2: Left: The time difference between a photon in TAPS and an electron registered in the
tagging system as a function of tagger fiber number. Right: The same time difference
summed over all tagging fibers.
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4. Calibration

4.2. Crystal Barrel

For the CB, only the energy needed to be calibrated. No time information is taken from
the CB because of the slow read out of the photodiodes, as discussed in sect. 3.8.

4.2.1. Energy calibration

It has been shown that the response of the crystal modules is linear to the deposited

energy according to:

energy = gain * (channel — pedestal) (4.7)

The gain factor was calculated in the low energy regime by 70 invariant mass and in the
higher energy range the calibration was done by injecting laser light with different known
energies into the crystals. The pedestal is the channel with zero energy which can be seen
as a sharp peak (originating from noise) at the very beginning of the spectrum.

Figure 4.3 shows the invariant mass of two photons detected in the Crystal barrel af-
ter calibration. The 70 and 7 peak can be seen at 135.9 MeV and 545.6 MeV, respectively,
with an accuracy of £1%. A more detailed description of the energy calibration can be
found in [39].
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Figure 4.3: The invariant mass spectrum of two photons detected in CB after calibration. The
79 and 1 peak can be seen at 135.9 MeV and 545.6 MeV, respectively.
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4.3. The inner detector

4.3. The inner detector

For the inner detector only time had to be calibrated. The TDC signals were aligned to
each other online. In the offline analysis a gate was placed around the peak in the TDC
spectra to identify that a fiber was hit.

4.4. TAPS

For the TAPS detector both energy and time had to be calibrated.

4.4.1. Energy calibration

The energy calibration of TAPS was done in three stages. First with cosmic muons for a
rough calibration, during the experiment the position of the pion peak was monitored to
improve the calibration and as a last check the i peak position was checked in order to get
the energy dependence (which was non-linear due to shower leakage) of the calibration to
be able to extend it to higher energies.
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Figure 4.4: A cosmic ray energy spectrum in TAPS showing the pedestal (0 MeV energy peak)
and the cosmic muon peak corresponding to 38.5 MeV.
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Figure 4.5: Left: The invariant mass squared spectrum of two photons detected in TAPS versus
the detector number. Right: The same invariant mass squared summed over all
TAPS modules before (dotted line) and after (solid line) the second stage correction.

Cosmic muon calibration

Cosmic data were taken at the beginning of each data taking period. Since the dimen-
sions and orientation was the same for all TAPS crystals and since the cosmic muons are
minimum ionizing, their energy loss in the crystal only depends on the length of the track
through the crystal, the energy deposition was on average 38.5 MeV for all crystals [40].
This peak position with corresponding energy and pedestal position together with eq. 4.7
gave the relation between channel and energy for the calibration. In fig. 4.4 an example
of a cosmic ray energy spectrum can be seen. The cosmic muon calibration is, however,
only valid for cosmic rays and not for photons since there is a difference in the efficiency
to create scintillation light in the BaFo between the two. Therefore, a second calibration
stage was needed.

70 invariant mass calibration

With the 70 invariant mass calibration a correction factor was calculated and used to put

Y — ~7. Hence, at least two

the m%-peak in the correct position. The channel used was 7
neutral hits in TAPS were required and the invariant mass of all possible combinations

was formed. The invariant mass is given by

My1y2 = \/EzylEny(l — 60801’2) s (4.8)
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4.4. TAPS

where E, and E,5 are the measured photon energies (central detector added with neigh-
boring detectors) and 6 2 is the opening angle between the two photons. This calibration
procedure is iterative and had to be repeated with the latest calculated gain until the v~
invariant mass converged to the 7% mass for all modules. Figure 4.5 shows the invariant
mass squared of two photons in TAPS before (dotted line) and after (solid line) the second
stage correction. For more details see [41].

n invariant mass calibration

The purpose of the n — 7~ invariant calibration was to correct for any possible non-
linearity that could occur at higher energies. Indeed, when the v+ invariant mass spectrum
was extended beyond the 1 mass region is was seen that while the 7% peak was sitting at
the correct position the 1 peak was shifted by ~10 MeV. This can be explained by shower
leakage below the CFD threshold to neighboring detectors which depends on the energy
of the photon [42]. Both the 7-peak and the 7%-peak was checked and the new corrected
energy of the photons was calculated according to

Epew = a+bEyq + CEgld ) (49)
where a is the peak position of the pedestal a = 0 MeV, and

c=(1—mgo/My,)/(Mmro — my) (4.10)

and
b=1—(myoxc). (4.11)

M, is the measured position of the n-peak, m o = 134.98 MeV and m, = 547.75 MeV.
The correction factors were determined for each data taking period.

As for the 70 invariant mass calibration, also this calibration stage was iterative and
several iterations had to be made before the peaks were at a position of £1% from the
correct one. Figure 4.6 shows the invariant mass of two photons in TAPS before (dotted
line) and after (solid line) the energy dependence correction. The 70 and 1 peak can
be seen at 134.7 MeV and 566 MeV before correction and at 134.75 MeV and 553 MeV
after correction, respectively. As expected, the 70 peak was hardly affected by this third
calibration procedure, for the n peak, on the other hand, a clear shift can be seen.

4.4.2. Pulse-shape calibration

The scintillation mechanism in BaFy works in such a way that there are two different com-
ponents (one fast and one slow) of the light produced with different intensities depending
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Figure 4.6: The invariant mass spectrum of two photons detected in TAPS before (dotted line)
and after (solid line) the energy dependence correction. The 7° and 7 peak can be
seen at 134.7 MeV and 566 MeV before correction and at 134.75 MeV and 553 MeV
after correction, respectively.
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Figure 4.7: Schematic picture of the pulse-shape of protons (left) and of photons (right) in TAPS.

on the type of particle creating it. This makes it possible to distinguish between types of
particles due to their pulse shape. Electronically, this is done by integrating the charge on
the BaFs anode with two different time gates, 50 ns and 2 us giving E,4rrow and Eide,
respectively. Figure 4.7 shows a schematic figure of the pulse shape for protons (left) and
photons (right) in TAPS.
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Figure 4.8: The pulse-shape spectrum in polar coordinates after calibration. The band at 45 °
are photons and the band to the left are protons.

Each event can be described by polar coordinates

E
Ops = arctan(m> (4.12)
Ewide
RPS = \/Er%arrow + E?yide : (413)

Figure 4.8 shows a pulse shape spectrum in polar coordinates after calibration. The
photons can be seen in the band at 45 ° and the protons in the band to the left. However,
due to electronics problems the pulse-shape calibration was only possible for ~ 75 % of
the BaFy modules, thus it was not used in this experiment.

4.4.3. Time calibration

To obtain the gain for the time calibration pulses with known frequencies were sent to the
TDCs. This resulted in spectra with sharp peaks from which the gain could be calculated
(see fig. 4.9)

time = gain * (channel — of fset) . (4.14)

The offsets were calculated by using the two photons originating from the pion detected in
TAPS. These photons were identified by requiring no hit in the veto detectors in front of
the BaF5 and a cut was placed around the 7° mass in the invariant mass spectrum. Then
the time difference was checked between these two photons and it was set to 0, indicating
that the two photons arrived simultaneously. There was also a correction made because
of the so-called time-walk. This effect comes about when two signals from the same event
have different amplitudes that make them cross the thresholds at different times. See [43]
for a description of how this correction is done.
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Figure 4.9: 20 ns pulse pattern for a TAPS module used for the time calibration.
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Figure 4.10: Left: The time difference of two photons detected in TAPS versus the detector
number. Right: The same time difference summed over all TAPS modules.

Figure 4.10 (left) shows the time difference after the calibration as a function of TAPS
detector number. The sum over all detectors can be seen in 4.10 (right). The FWHM
of the peak was determined to be 0.65 ns. This time calibration corrects both for length
differences of the cables and for differences in flight path of the photons.

About 10% of the TDCs could not be used for timing (seen as empty channels in fig.
4.10 (left)), either the peak was too wide or there were two peaks in the spectra. These
detectors were listed in a table and if one of these were the central detector of a cluster,
the time information were instead taken from a neighboring crystal in the cluster.
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4.4. TAPS

4.4.4. LED threshold calibration

The purpose of the LEDs was to discriminate hits that deposit an energy below the
specified threshold so they will not be recorded, i.e. it was used by the hardware trigger.
The correct setting needed to be known before the real data taking started, so it was done
with cosmics data before the beam time. The threshold was set in mV but, since each
LED behaved differently, an energy calibration was needed in order to get the correct
setting for the desired threshold in MeV. This was done by determining the resulting
threshold in MeV for three different mV-settings and finding the (linear) correlation. The
edge was seen clearly when dividing the LED spectra with the energy spectra, both had
to be calibrated into MeV first. The threshold was defined to be at the point where the
ratio was 0.5. Because of different pulse shapes, different types of particles yield different
energy threshold settings. During the offline analysis threshold values were found for each
type of particle which were allowed to trigger. For the analysis in this work, however,
a comparison between reactions off protons and off neutrons is desired, therefore only
photons were allowed to trigger (in the software trigger). Figure 4.11 shows the LED-high
and LED-low threshold for one ring in TAPS for photons. A more detailed account of the
LED threshold calibration in given in [35].
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Figure 4.11: Left: The fraction of photons firing with the LED-low threshold setting. Right:
The fraction of photons firing with the LED-high threshold setting. For detector
modules in ring 7 of TAPS.
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4.5. The veto wall

The Vetos did not require any calibration since they only give the information if a charged
particle has passed or not. All LEDs were set with a threshold at 20 mV, which corre-
sponded to 0.15 MeV in average (see sect. 5.5.2).
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5. Particle Reconstruction and Analysis

This chapter describes the reconstruction of particles from the information registered by
the detectors. Since mesons are short-lived it is not possible to directly observe the w
mesons, but they had to be reconstructed from their decay particles entering the detector.
The channel studied in this thesis was YN — wN — 7% N — yyyN, where N was either
a proton or a neutron (or deuteron, in the case of coherent production). The analysis
steps for each reaction studied will be explained in this chapter.

5.1. Reconstruction of particles

The four-vectors of particles, P = (E,pz,Dy,D-), were calculated by measuring their de-
posited energy in the detectors and their position, together with kinematic constraints (en-
ergy and momentum conservation) and the known information of the initial state (beam
and target).

5.1.1. Energy reconstruction (clustering)

A particle entering a detector generally do not deposit all its energy in a single crystal,
instead it is spread out over several neighboring crystals in a so-called cluster. A cluster-
finding algorithm scanned over all modules to identify clusters. The total deposited energy
of the particle was the integral over all the modules in the cluster, provided that the en-
ergy in each module was larger than the CFD-threshold (10 MeV for TAPS and 1 MeV
for CB). The module with the maximum registered energy in the cluster was taken to be
the central crystal of the cluster.

Due to the higher granularity of the CB detector a second step in the cluster routine
was required in order to separate overlapping clusters. This second step looked for local
energy maxima of the cluster. These local maxima, required that the energy was above 13
MeV, were then taken as the centers of two separate sub-clusters, so-called PEDs (Particle
Energy Deposits). The energy and position of the particle were then given by the PEDs
and not the cluster.
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5. Particle Reconstruction and Analysis

Figure 5.1 shows schematically a scenario where there were two local maxima (A and
B) within a cluster. These modules were considered to be central modules of two PEDs.
The remaining modules of the cluster were assigned to the PED with the closest maxi-
mum. The energy deposited in modules with equal distance to both maxima (C, D and E)
were divided between the two PEDs with a weight factor depending on the ratio between
the energy in the central module of the PED and this energy plus the energy deposited in
its eight neighbors. The total energy of the PEDs was the weighted energy of the shared
modules plus the energy deposited in the remaining modules of the respective PED.

Figure 5.1: Schematic figure
of a cluster in CB
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5.1.2. Position reconstruction

The position of a particle, 7, was calculated by taking the average distance of all modules
in the cluster weighted with the logarithm of their energies.

¥, Wi,
7= 1
"= sw (5-1)
where 5
= MAX In —2 p)
w=aaxfo o)) o2

It was found through GEANT simulations that Wo = 4 for TAPS and Wy = 4.25 for
CB [35].
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5.1. Reconstruction of particles
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For TAPS an extra correction was needed to account for the fact that the crystals were
not vertex-pointing, which meant that a shower started at some distance after the particle
entered the crystal (Z in fig. 5.2) would give the wrong position (X + AX instead of X).
This effect was corrected for by calculating the distance that a particle traveled inside the
crystal before generating the shower maximum. This distance depends on the energy of
the particle and the detector material so that

7 =X, <1n<E£> + 1.2> , (5.3)

where X is the radiation length and E. is the critical energy of the detector material (Xo
= 2.05 cm and E. = 12.78 MeV for BaF3) and FE is the energy of the particle [40]. The
corrections to the position (AX and AY’) was calculated by

AX AY [S !

The final polar angle position resolution obtained for photons in TAPS was 1.3° [41]. For
CB (where this last step was not needed since the modules in CB were vertex-pointing) the
polar angle resolution was 1°. In the case that all the energy of a particle was deposited
in a single crystal the resolution was 6° (or 12° for the most backward ring), limited by
the size of the crystal.
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5. Particle Reconstruction and Analysis

5.2. The software trigger

To enable a direct comparison of the free proton and bound proton acceptances, a software
trigger mimicking the stricter conditions of the hardware trigger used for the LDy beam
time (discussed in sect. 3.8.2), was implemented. In addition, the aim for a comparison
of the reaction off the proton and off the neutron required a software trigger that only
allowed for photons to trigger. The software trigger was thus; at least one photon in TAPS
over the high energy threshold and two photons in CB OR two photons in TAPS over the
low energy threshold. The LED-low and LED-high thresholds for the software trigger are
listed in table 5.1.

Ring number 1 2 3 4 ) 6 71819 101112

LED-low [MeV] | 2000 | 300 | 150 | 90 | 60 | 60 |60 | 60 | 60 | 60 | 60 | 60

LED-high [MeV] | 2000 | 400 | 210 | 150 | 140 | 120 | 80 | 80 | 80 | 80 | 80 | 80

Table 5.1: LED-high and LED-low threshold values for the different rings in TAPS which were
used in the software trigger. The innermost ring had such high threshold values in
order to reduce et e~ -pairs created by the beam.

5.3. Time coincidence analysis

The electron beam impinging on the radiator produces a large amount of photons and an
equally large number of hits in the tagger. In order to get the correct energy information of
the photon that produced a reaction in the target, the time between the hits of the decay
products in TAPS and the hit of the electrons in the tagger is used. This made it possible
to distinguish between the true coincidence photon that produced a reaction in the target
and accidental coincidences. Figure 5.3 (right) shows the time spectrum and the random
hits show up as a flat distribution under the coincidence peak. Their contribution was
determined by making cuts in this spectrum around the peak (-4 ns to 6 ns) and in two
bands on either side of the peak (-80 ns to -10 ns and 10 ns to 80 ns), see fig. 5.3. Events
from the sidebands were subtracted with a weight factor (10/140) due to the width of the
bands in order to remove the accidental coincidences under the prompt peak according to

AS

BG, (5.5)
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5.3. Time coincidence analysis

where AS and ABG are the width of the coincidence and the background windows, re-
spectively. S and BG is the number of events in the corresponding time windows and SBG
is the background under the signal.

Figure 5.3 (right) shows the multiplicity of hits in the tagging system after a cut was
placed around the coincidence peak. It shows that in many cases the multiplicity was
larger than one so that an event would be entered several times in the analysis with differ-
ent incident beam energies. After additional cuts, however, the multiplicity was reduced
to be mainly one or two. When the multiplicity was two, neighboring tagger fibers were
hit. Since these multiple entries also occur in the flux measurement, this double-counting
did not cause problems in the cross-section determinations. The flux determination is
explained in sect. 5.14.
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Figure 5.3: Left: The multiplicity of hits in the tagger inside the coincidence window. Right: The
relative time for photons detected in TAPS to the electrons detected in the tagging
system. The area under the peak labeled SBG is due to accidental coincidences and
needs to be subtracted from the signal S.
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5. Particle Reconstruction and Analysis

5.4. Simulations

In order to calculate cross-sections it is crucial to know the detector efficiency for reg-
istering the decay particles. The detection efficiencies were obtained from simulation
using the GEANT3 package [44], which has the dimensions and materials of the detector
implemented giving a realistic response of the detector to the generated particles. In or-
der to describe low energy neutron interactions, the GCALOR package was used for the
simulations [45]. The decay channel of interest was specified by letting the particle decay
according to kinematics but not taking any cross-sections or branching ratios into account.
The simulations also made it possible to check the behavior of background channels and
obtain cuts in order to improve the signal-to-background ratio. The channels simulated
for this work were:

e The production off the free proton: vp — wp — 7%yp — yyyp

e The quasi-free production off the bound proton: vd — wp(n) — 7%yp(n) —
~yyyp(n). The spectator neutron was not registered in the reaction.

e The quasi-free production off the bound neutron: vd — wn(p) — 7%n(p) —
~vyyn(p). The spectator proton was not registered in the reaction.

e Isotropically distributed w mesons in (Ey, ,

simulation gave the efficiency used in the grid method for the inclusive analysis.

E¢): w — n% — ~vyy. This

e Background channel: vp — 7T07T0p — YYYYP
e Background channel: vp — 7T0p — YYP
e Coherent production: vd — wd — 7%yd — yyvd

The protons and neutrons bound in deuterium are simulated as having a momentum dis-
tribution corresponding to their Fermi motion in the nucleus. In this work the Paris wave
function was used to obtain the momentum distribution [22]. For deuterium the distribu-
tion has the shape illustrated in fig. 2.4 which is peaking at a momentum around 40 MeV.

The output of the simulation was treated in the analysis in exactly the same way as
the data. By knowing the start distribution (the number of particles that were generated
and their momentum distribution) and seeing how many were reconstructed, allowed to
calculate the detection efficiency.
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5.5. Charged and neutral hit separation

5.5. Charged and neutral hit separation

Charged and neutral hits were separated by using the response from the inner detector in
the CB-region and the veto-detectors in front of TAPS.

5.5.1. in CB

The condition for a charged hit in CB was that two or three of the fibers in the inner
detector had fired within a 10° angle to the Csl module which registered energy in CB,
see fig. 5.4. The neutral hits were identified as hits when no fiber in the inner detector
fired in coincidence with one of the detectors in CB within an angle of 10°. Events where

only one fiber fired in the inner detector were discarded.

— 3 layers fired

————— 2 layers fired

Counts [a.u.]

L L L L L L L L L LN L LN IR

-300 -200 -100 O 100 200 300
O
@ . [l

Inner

Figure 5.4: Left: Schematic figure of the CB and inner detector seen along the beam line. Right:
The difference in azimuthal angle between a hit in CB and two or three layers firing
(dashed and solid line, respectively) in the inner detector. Events within |¢pcp —
GInner] < 10° were identified as charged hits in CB.
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5. Particle Reconstruction and Analysis

5.5.2. in TAPS

For a charged hit in TAPS the veto must have fired in front of the central BaFs detector
of the cluster or in front of one of the BaFs modules in the ring surrounding the central
detector of the cluster. For a veto to fire, the deposited energy in the veto detector had
to be higher than the veto threshold. Unfortunately, there was no read-out of the veto
threshold available for the experiment, hence the threshold setting was unknown and had
to be determined afterwards by using a simulation. This was done by checking how many
70 signals were lost in TAPS requiring two hits in TAPS (and no further hits) which were
either charged or neutral (i.e. no veto used) or with the specific requirement that they
were both identified as neutral (i.e. veto did not fire). The amount lost from the pion
signal is a measure of how many photons were mis-identified as charged particles due to a
backscattering of the electromagnetic shower in the BaFy detector firing the veto in front.
For the data this number was determined to be 11 % loss of pion signals by the require-
ment that the two photons were registered as neutral. Different threshold settings were
tested for the simulation until the same behavior of the loss was observed as in the data,
see fig. 5.5 and table 5.2. It was found that a veto threshold of 0.15 MeV corresponded
to a loss of 11 % of the pion signal, thus that value was assumed to be the threshold that
was set for the experiment and thus had to be used in the simulations.

For neutral hits in TAPS the condition was that no veto had fired in front of the cen-
tral detector of a cluster or in the ring around the central detector of the cluster.

Veto threshold 0.025 MeV | 0.15 MeV | 0.3 MeV

Loss of 7¥ in DATA 11%

Loss of 7° in MC [%] 16 11 6

Table 5.2: Fraction of 7% lost when requiring that no veto fired for different threshold settings
for the simulation compared to the data with unknown threshold. The table indicates
that a threshold of 0.15 MeV was the one set during data taking.
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Counts [a.u.]
Counts [a.u.]
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did f. h ” — veto did not fire, thres. 0.15 MeV
— veto did not fire, thres. 7

veto did not fire, thres. 0.3 MeV

0 100 200 300 0 100 200 300
m,, [MeV] m,y [MeV]

Figure 5.5: The loss of pion signals in TAPS requiring two hits in TAPS (and no further hits)
which were either charged or neutral (i.e. no veto used) or with the specific require-
ment that they were both identified as neutral (i.e. veto did not fire) for data (left)
and simulation (right).

5.6. Inner detector and veto detection efficiencies

The inner detector and veto detection efficiencies show the probability that a charged
particle was mis-identified as a neutral particle and vice versa. For the LDy target data it
was important to remove the events coming from the competing channel, where the recoil
nucleon was mis-identified, before determining the cross-sections. This was not corrected
for by the detector acceptance, but the magnitude of this effect could be estimated and
the mis-identifed events were removed by correction factors.

Figure 5.6 shows the percentage of events where the recoil nucleon was mis-identified
determined from simulations. It is shown as a function of azimuthal angle for the case
when the recoil nucleon was going into the inner detector/CB (the left column in the fig-
ure) and as a function of veto number for recoil nucleons going into TAPS (right column).
The figures in the upper row are for a simulation of the w meson produced off a bound
proton and the lower row figures are for a simulation of the w meson produced off a bound
neutron. The largest effect of mis-identification was observed when recoil neutrons were
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5. Particle Reconstruction and Analysis

efficiency [%]

efficiency [%]

Figure 5.6: Contamination in CB (left) and in TAPS (right) for simulation of vd — wp(n) (top
row) and vd — wn(p) (bottom row). The fraction of registered events where the
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5.7. Invariant mass calculation

going into TAPS (lower right in fig. 5.6). For this case, in ~ 20-25 % of the events the
neutrons was mis-identified as charged. The w mesons for these events were thought to
have been produced off a proton and had to be subtracted from the events seen in the
charged channel. The correction factors as a function of cos(6¥,,) used to correct for
this effect are shown in fig. 5.24. For the opposite case (protons being mis-identified as
neutrons) a larger effect of mis-identification was observed in the LHo data than for the
simulation. These correction factors as a function of cos(6¥,,) are shown in fig. 5.22
for both data and simulation. The factors obtained from the LH9 data were used for
correcting the w yield in the cross-section determinations.

5.7. Invariant mass calculation

The invariant mass of a particle, M, decaying into N particles was calculated according to

M? = (é Ei>2 — (éﬁ,)?, (5.6)

where E; and p; are the energy and momentum of the decay particles. In case of a two-body
decay the invariant mass was

If the two decay products were photons, this expression simplified further into

M = \/(2E1E5(1 — cos112)), (5.8)

where 12 is the angle between the two decay photons.

The w mesons with the decay w — 7%y — ~yy were identified through the invariant
mass calculated from the three photons registered by the detector. The channel consisted
of two two-body decays. First, the two photons originating from the pion were identified
through an invariant mass calculation and secondly the third photon was added and the
w meson was seen as a peak in the 7% invariant mass spectrum.
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5. Particle Reconstruction and Analysis

5.8. Identification of reaction channels

The reaction channels analysed in this work were identified through the following event
selections.

Exclusive analyses:

e The production off the free proton vp — wp (LHs target) was identified through

events with three neutral hits and one charged hit.

e The quasi-free production off the bound proton vd — wp(n) (LD, target)
was identified through events with three neutral hits and one charged hit.

e The quasi-free production off the bound neutron vd — wn(p) (LD, target)
was identified through events with exactly four neutral hits and no charged hits.

Inclusive analyses:

e The production off the free proton vp — wp (LHs target) was identified through
events with three neutral hits and no further hits or events with at least three neutral
hits and four hits in total (the fourth hit may be charged or neutral).

e The quasi-free inclusive production vd — w(np) (LD, target) was identified
through events with three neutral hits and no further hits or events with at least
three neutral hits and four hits in total (the fourth hit may be charged or neutral).

In the following sections the analysis steps (listed in table 5.3 and 5.4) for these different re-
actions will be described. However, no distinction is made between the first two reactions,
the w meson being produced off a free proton (yp — wp) or bound proton(yd — wp(n)),

since the analysis was identical in these two cases.

The main difference in the analysis was introduced from the difference in identification
of the proton and the neutron. Because of the neutral nature of the neutron it is diffi-
cult to distinguish it from photons and thus the reaction off the neutron required a more
complicated analysis (as will be explained in sect. 5.10).
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5.8. Identification of reaction channels

Steps for 3 neutral and | 4 neutral
exclusive analysis 1 charged hit hits
7979 subtraction

2 _ (m(yy)—m_0)?
X7 = TAmm)? X
110 MeV < m, o < 160 MeV X

X%niss = (mmiSS - mN)2

Mamiss Cut(ElZfam)

Oriyct (Ebeam) cut

ST I T B B e I e

nucleon mis-identification corr.

Table 5.3: Analysis steps for the two different groups of selected events in the exclusive analyses.

Steps for 3 neutral and | 4 neutral | 3 neutral

inclusive analysis 1 charged hit hits hits

7079 subtraction X

2 _ (m(yy)—m_0)? X

— T (Am())?

110 MeV <m0 < 160 MeV X

X%u‘ss = (mmiSS - mN)2

Mymiss CUb (Ege“m)

ST I I e

02im. (D%m.) cut

Table 5.4: Analysis steps for the three different groups of selected events in the inclusive analyses.
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5. Particle Reconstruction and Analysis

5.9. The production off the free and bound proton

The event selection for this reaction channel was the requirement that three neutral hits
and one charged hit was registered. The analysis steps are listed in table 5.3 in the left
column and will be described below.

The w meson was reconstructed from the combinatorics of the three neutral particles
(assumed to be three photons) as it was briefly described in the previous section. In a
little more detail, the registered neutral particles were paired two by two and the combi-
nation (out of the three possible ones) with the invariant mass closest to the pion mass
was selected by a y2-test minimizing

2= mn) - mg0)” (5.9)

(Am(v7))?

where the invariant mass of two photons, m(yy), was calculated according to eq. 5.8
and the term Am(~v) handled the error arising from the detector resolution

. 1 AEl AEQ A cos w12
Am(yy) = 2m(w)( B T B 1 _008%2), (5.10)
where
A cos 12 = sin 0 cos O(cos(p1 — ¢2) — 1)AO + (5.11)

cos 0 sin Oa(cos(p1 — Pa) — 1) Ay —
sin 01 sin s sin(¢p1 — ¢2)(Ad1 — Ago) —
Sil’l(91 — 92)(A91 — A¢92) .

The x? distribution is shown in fig. 5.7 (left) for the LH target data and the simulation
off the free proton. They are in good agreement. If the number of degrees-of-freedom is

known (1 in this case) the confidence level CL can be calculated according to

X2
CL=1- / Fst (D) dx2 . (5.12)
0
In fig. 5.7 (right) the confidence level is depicted. A flat CL distribution implies that the

errors were properly taken into account. Figure 5.8 shows the x? distribution (left) and
the confidence level (right) for the LDs target data and simulation off the bound proton.
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Figure 5.7: Left: x? calculated by eq. 5.9 for the LHy data (black solid) and simulation (red
dashed) for three neutral hits and one charged hit. Right: Confidence level. A flat
distribution shows that the errors are under control.
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Figure 5.8: Left: x? calculated by eq. 5.9 for the LD, data (black solid) and simulation (red
dashed) for three neutral hits and one charged hit. Right: Confidence level. A flat
distribution shows that the errors are under control.
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5. Particle Reconstruction and Analysis
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Figure 5.9: Left: The 7 invariant mass is depicted and the cut (110 MeV < m., < 160 MeV)
ensuring that the two photons originated from a 7°. Right: The effect of this cut on
the 7%y invariant mass, without the cut (black) and with the cut (red). The cut is
reducing the background under the w peak.

A cut was placed in the invariant mass spectrum around the pion peak (110 MeV < m.,, <
160 MeV) and the events outside of this cut were discarded. For the events that satisfied
this requirement the invariant mass was adjusted to be the pion mass, mo. The third
neutral particle (photon) was then added using eq. 5.7 and the w meson was identified
from the 7%y-invariant mass spectrum. In fig. 5.9 the 70 cut is depicted to the left and
the effect of this cut on reducing the background in the 7% spectrum is shown to the right.

Since the proton did not deposit all of its energy in the detector, its mass could not
be calculated directly, using the deposited energy, instead it was treated as a missing
charged particle and its mass was calculated using energy balance assuming the reaction.
The missing mass for this reaction was calculated by

mb =Py + P, — P, (5.13)

miss

where P, P, and P o, are the four-momenta of the incident photon, the initial state
proton (assumed to be at rest) and the detected 7%y, respectively. A peak around the
proton mass in the missing mass spectrum (see fig. 5.10 (left) for the LH9 data and fig.
5.11 (left) for the LD9 data) indicates that the w meson was indeed produced off a proton

and underwent the decay described above.
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Figure 5.10: Left: The 7%y invariant mass versus the missing mass for LH, data for events

with three neutral hits and one charged hit. The w mesons that were produced off

protons are marked in the picture together with a cut around the w mass. Right:
The missing mass before (black) and after (red) the indicated cut. After the cut a
peak around the proton mass can clearly be seen.
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Figure 5.11: Left: The 7%y invariant mass versus the missing mass for LD, data for events

with three neutral hits and one charged hit. The w mesons that were produced off

protons are marked in the picture together with a cut around the w mass. Right:
The missing mass before (black) and after (red) the indicated cut. After the cut a
peak around the proton mass can clearly be seen.

69



5. Particle Reconstruction and Analysis

These are the events of interest and the signal-to-background-ratio can be enhanced by
cutting on the missing mass requiring it to be close to the proton mass. Figure 5.10 (right)
and fig. 5.11 (right) show the full projection on the missing mass, without any requirement
on the 7%y invariant mass, and the projection when cutting around the w mass in the w%y
invariant mass spectrum. With this cut the background is reduced and the proton peak
can be more clearly seen.

Simulations showed that the width of the proton peak in the missing mass spectra de-
pended on the incident beam energy, becoming wider as the beam energy was increasing.
This is shown in fig. 5.12 and 5.13 for the simulated w productions off the LHs target and
off the LD9 target, respectively. The missing mass spectra for several different incident
beam energies were fitted with Gaussians and the missing mass cut was chosen to be a
mean-30 < ml . < mean+20 cut around the proton peak varying linearly with the inci-

dent beam energy (shown in fig. 5.12 (bottom right) and 5.13 (bottom right)).
For the LHs target the missing mass cut was

miss

616.267 + 0.52929 ™" < mP . < 1179.956 — 0.401389E"*" | (5.14)

which implies cuts at 835 MeV < m? . < 1009 MeV at an incident beam energy E, =
1108 MeV and 740 MeV < mP ..~ < 1083 MeV at an incident beam energy E. = 2008
MeV. For the LDy target the missing mass cut was

686.465 + 0.329099 /™" < mP . < 1179.02 — 0.401269E7/**" | (5.15)

miss

and the corresponding cuts were 811 MeV < m? . < 1027 MeV and 699 MeV < m? . = <
1164 MeV for E, = 1108 MeV and E, = 2008 MeV, respectively. The missing mass cut
is broader for the LD, target data than for the LHy target data due to the smearing effect

of the Fermi motion present in the LD5 target.

The missing mass cut was then applied on the data in order to reduce background. Figure
5.14 (left) and fig. 5.15 (left) show the missing mass in the data versus the incident beam
energy (in fiber numbers) for the LHy target and LDo target, respectively. The missing
mass cut applied is shown in red. The effect of the missing mass cut on reducing the
background in the 7%y invariant mass spectrum can be seen in fig. 5.14 (right) and fig.
5.15 (right). A clear improvement in the signal-to-background-ratio can be seen after the
cut.
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Figure 5.12: Missing mass spectra fitted with a Gaussian for different incident beam energies (in
tagger fiber numbers) for a simulation of the reaction of an w meson produced off the
free proton and decaying into 7%y. The beam energy is increasing with decreasing
fiber number. Bottom right: The mean-3c < m?

miss < Mean-+20 missing mass cut

around the proton peak which is varying linearly with the incident beam energy.
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Figure 5.13: Missing mass spectra fitted with a Gaussian for different incident beam energies (in
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around the proton peak which is varying linearly with the incident beam energy.
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Figure 5.14: Left: The missing mass versus the incident beam energy in tagger fibers (the beam

energy is increasing with decreasing fiber number) for w mesons produced off the
free proton. The missing mass cut is drawn in red. Right: The 7%y invariant mass
above the production threshold of the w meson without a missing mass cut (black)
and with the missing mass cut (red).
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Figure 5.15: Left: The missing mass versus the incident beam energy in tagger fibers (the beam

energy is increasing with decreasing fiber number) for w mesons produced off the
bound proton. The missing mass cut is drawn in red. Right: The 7%y invariant
mass above the production threshold of the w meson without a missing mass cut
(black) and with the missing mass cut (red).
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The next cut was a cut on the 6, -angle of the recoil nucleon in the lab-system. This cut
was important in the case of the w meson being produced off the neutron (see sect. 5.10),
but for consistency it was placed also in the case of the w meson being produced off the
proton, where is was seen to reduce the background without removing the true events in
the w meson signal.

For each incident beam energy there is a maximum 6, -angle allowed for the recoil nu-
cleon due to kinematics, the allowed angle being smaller at lower incident beam energies.
This is shown in fig. 5.16 (upper left) for the simulations of w mesons produced off a free
proton and in fig. 5.17 (upper left) for the simulations of w mesons produced off a bound
proton. The cut had to be defined differently for the two targets because of the different
electron beam energies (3.2 GeV for the LHs beam time and 2.6 GeV for the LDy beam
time) giving different correlations between tagging fiber and energy in eV. The cuts are
shown in red in the respective figure. Figures 5.16 (upper right) and 5.17 (upper right)
show the situation for the data together with the cut. Figures 5.16 (lower left) and 5.17
(lower left) show the full projection onto the 67, -axis for simulation and data. It can
be seen that some of the events in the data end up outside of the kinematically allowed
region. Figures 5.16 (lower right) and 5.17 (lower right) illustrate the effect of the 6, -cut
on reducing the background in the 7%y invariant mass spectra. The spectrum for events
inside the cut is plotted together with the spectrum for events outside the cut. It shows
that this cut successfully removed some of the background without removing anything
from the signal.
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Figure 5.16: Polar angle of the proton versus incident beam energy [fiber numbers] for simulation
(upper left) and for data (upper right) for the reaction off the free proton. The cut is
drawn in red in both figures. Lower left: Projection onto the 67, -axis for simulation
(black solid) and data (red dashed). Lower right: The invariant mass of 7%y for
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(upper left) and for data (upper right) for the reaction off the bound proton. The
cut is drawn in red in both figures. Lower left: Projection onto the 67 , -axis for
simulation (black solid) and data (red dashed). Lower right: The invariant mass
of 7 for events inside the cut (red solid) and for events outside the cut (black
dashed) for the LDy target data.



5.9. The production off the free and bound proton

After these cuts the 70y invariant mass spectra were fitted and the remaining background
subtracted, so that the number of w mesons in the peak could be estimated. The fitting
function used was a five parameter function for describing the background and a Gaussian
function describing the signal

f(@) =~z — )% — zx)? + Gaussian (5.16)

where z;, and z g are the lower and higher crossing points of the function and the x-axis, re-
spectively. Figures 5.18 and 5.19 show some examples of spectra for four different incident
beam energies together with the fits for the LHo target and the LD, target, respectively.
Close to the w production threshold (E, = 1108 MeV) the fitting was difficult due to
the fact that the background ended somewhere under the peak and did not extend to the
higher mass side. In addition, for the LDs target data the signal-to-background-ratio was
not that good close to threshold. For that reason, the energy bin £, = 1108-1158 MeV
could not be used and no cross-sections were calculated for that bin. With increasing inci-
dent beam energy the signal-to-background-ratio improved and the background extended
to higher masses, which made the fitting easier.

If the w mesons were to be produced isotropically, the total cross-section could be cal-
culated directly from the w meson yield in each incident beam energy bin. However, since
the production of w mesons in forward direction was favored, it was necessary to look
at the angular distribution of the produced w mesons and to calculate the differential
cross-sections. The total cross-sections were given by the integral of the differential cross-
sections.

Figure 5.20 shows the 7%y invariant mass spectra for different bins of cos(%,, ) for in-
cident beam energy E, = 1708-1808 MeV for the LHy target data. The bin sizes in
cos(#¥,, ) vary and were chosen according to the available statistics and the ability to fit
the spectra. The production of w mesons going in forward direction was favored. However,
at higher incident beam energies (E, > 1550 MeV), basically no w mesons was seen in the
most forward bin. The forward going w mesons were correlated to protons going backward
in the c.m.-system which meant slow protons that did not have enough energy in order to
be detected (giving zero efficiency as well, see fig. 5.26). For this reason, the most forward
bin could not be used for calculating cross-sections for incident beam energies £, > 1550
MeV. The differential cross-sections had to be extrapolated into this region with a fit. All
fits to the 7% invariant mass spectra for the exclusive analysis off the free proton are
shown in appendix D.
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5. Particle Reconstruction and Analysis

Figure 5.18: A few examples of 7%y invariant mass spectra for
energies for the event selection three neutral hits and one charged hit for the LHo

Figure 5.19: A few examples of 7’y invariant mass spectra for four different incident beam
energies for the event selection three neutral hits and one charged hit for the LD2
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Figure 5.21: 7’y invariant mass spectra for the cos(%,, ) angular bins with £,=1708-1808 MeV
for the events with three neutral hits and one charged hit for the LD5 target data.
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Figure 5.22: The correction factors due to mis-identification of protons as neutrons, e™s%P,
calculated from the LHy target data (full squares) and from the yp(n) — wp(n)
simulation (open squares).

Figure 5.21 shows the 7%y invariant mass spectra for different bins of cos(6¥,,) for the
incident beam energy FE, = 1708-1808 MeV together with the fits for the events with
three neutral hits and one charged hit for the LD, target data. All 7%y invariant mass
spectra together with the fits for the exclusive analysis off the bound proton are shown in
appendix F.
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5.9. The production off the free and bound proton

The number of w mesons produced off the proton determined from the fits, however,
had to be corrected for the mis-identification of the recoil nucleons due to inefficiencies of
the fiber and veto detectors which was not taken into account by the detector acceptances.

The probability for mis-identifying a proton as a neutron was determined from the LH,
data by
misidp _ sz?{b
data Ngj{b ’

(5.17)

where Nuj}fQ was the number of w mesons detected in coincidence with a proton and
NLI2 was the number of w mesons detected in coincidence with mis-identified protons,
i.e. events with four neutral hits treated in the analysis as described in sect. 5.10. The
corresponding factors were determined for the yp(n) — wp(n) simulation as well. Figure
5.22 shows the correction factors obtained from the data and from the simulation for each
angular bin and incident beam energy. For the most forward bin 0.9 < cos(6¥,,) < 1.0
for incident beam energies E, < 1.5 GeV no correction factors could be calculated for
the data due to the vanishing proton acceptance in this region. The data generally gave
larger correction factors than what was seen in the simulation, implying that the effect
of mis-identification of protons as neutrons is not taken into account by the acceptance
correction (since the acceptance is determined from simulations). Therefore, the events
with protons mis-identified as neutrons seen in the LHs data were added to the number of
events contributing to the cross-section off the proton. Figure 5.23 shows the number of
w mesons (corrected for the varying angular bin sizes) produced off the free proton before
and after the addition of events where the protons were mis-identified as neutrons. For
low incident beam energies £, < 1.4 GeV there was a contribution to the w cross-section
off the free proton from this correction.

For determining the number of w mesons produced off the bound proton an additional
correction was needed due to the mis-identification of neutrons detected as protons. This
correction was only necessary for the data with LDy target, where there existed two pos-
sible production channels of the w mesons (off protons or off neutrons). The correction
factors were determined by running the analysis over the yn(p) — wn(p) simulation and
by counting how large a fraction of the correctly identified events, N3 (yn(p) — wn(p)),
were mis-identified and seen as wp events, N5™(yn(p) — wn(p)), (i.e. with the event
selection of three neutral hits and one charged hit and all the cuts described above),

iy NS (i — wn
misidn __ wp (7 (p) » (p)) (5.18)

~ Ngim(yn(p) — wn(p))
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Figure 5.23: Number of w mesons produced off the free proton as a function of cos(% ., ) with
the different angular bin sizes taken into account before (open symbols) and after
(full symbols) addition of the events where protons were mis-identified as neutrons.
Note that the numbers are not yet corrected for detection efficiencies. The statistical
errors are shown.
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Figure 5.24: Correction factors due to mis-identification of neutrons as protons, €™**"  calcu-

lated from the yn(p) — wn(p) simulation according to eq. 5.18.

The correction factors obtained for each angular bin and incident beam energy bin are
shown in fig. 5.24. Note that these factors refer to the number of w mesons that were

registered in coincidence with a neutron, N7, calculated by eq. 5.23.

The true number of w mesons produced off a proton bound in deuterium were calculated
by

corr __ maisidp misidn corr
Ngy" = Nup + €441~ Nup — € NS (5.19)
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Figure 5.25: Number of w mesons produced off the bound proton as a function of cos(8%,, )

normalized to cos(6¥,,) = 0.1 before correction N, (open symbols) and after

correction NSO (full symbols) (see eq. 5.19). Note that the numbers are not yet

corrected for detection efficiencies. The statistical errors are shown.

Since the correction factor egjlisjdp enters, NG could not be determined for the angular
bin 0.9 < cos(#Y,,.) < 1.0 for incident beam energies E, < 1.5 GeV. The differential cross-
section off the bound proton, just as that off the free proton, had to be extrapolated into

this region with a fit.

Figure 5.25 shows the number of w mesons produced off the bound proton as a func-

tion of cos(6¥,, ) with the different angular bin sizes taken into account before correction
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5.9. The production off the free and bound proton

maisidn

corr - Even rather high values of the correction factors e ,

wp
since these correction factors are related to the relatively small number of detected neu-

N, and after correction N

trons, lead only to a minor correction of the number of w mesons produced off the bound
proton.

Acceptance of reaction off protons

The detection efficiency was obtained from a simulation of the reaction vp — wp with
LH; target and vd — wp(n) with LD9 target (here the effect of the Fermi motion is taken
into account). In both cases the decay channel was w — 7%y — y9v. The w mesons were
isotropically generated in cos(6¥,,). The event selection and analysis steps were exactly
the same for the simulation as for the data. The angular efficiencies obtained for w mesons
produced off the free proton can be seen in fig. 5.26. The start distribution of the gener-
ated w mesons off the free proton was flat in cos(6¥,, ) and had a 1/E, behavior for the
incident beam energy. The simulation of w produced off the bound proton were done both
with a flat cos(0¥,, ) start distribution, shown in fig. 5.27 (left), and a forward peaking
cos(0¥,, ) start distribution, shown in fig. 5.27 (right). The later distribution is more
realistic, due to the forward peaking behavior observed in the w photoproduction process.
The incident beam energy was in both cases a 1/E, distribution. The acceptance for w
mesons produced off a bound proton is shown in fig. 5.28 for both the flat start distri-
bution and the forward peaking start distribution. They show a good agreement impying
that the angular acceptance was independent of the shape of the start distribution. A flat
start distribution was used to calculate the acceptance used to determine the differential
cross-sections in this work.

It is important to note that the analysis was such that the recoil proton was required
to be detected, so that the acceptances shown are the combined acceptances of detecting
the three decay photons from the w meson and the proton, i.e. (€eyci)? = €,€p = €34€p.

The angular acceptances show that the detection efficiency was decreasing as the w meson
was going in forward direction, especially for higher incident beam energies. When the w
meson was produced off the free proton the efficiency was even zero in the most forward
bin, 0.9 < cos(6¢,,) < 1.0 for £, > 1550 MeV. The w mesons in this region were corre-
lated to protons going backward in the c.m.-system, i.e. slow protons that did not have
enough energy in the laboratory system in order to be detected. This was true also for
the case when the w meson was produced off a bound proton, but here the smearing of
the Fermi motion allowed some protons to be detected so that the efficiency was small in
this most forward bin, but non-zero.
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Figure 5.26: Angular efficiencies for detecting an w meson in coincidence with a proton, ez ep,
obtained from the simulation of the reaction vp — wp — 7%yp — yyyp. The target
was LHy and the proton assumed to be free.
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Figure 5.27: The cos(6¥,,) start distribution was taken to be flat (left) and forward peaking
(right).

The forward peaking seen in the production of w mesons together with the sharp decrease
in efficiency in the same bin gave differential cross-sections that were steeply rising, as will
be shown in sect. 6.1.1.
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Figure 5.28: Angular efficiencies for detecting an w meson in coincidence with a proton, ez ep,
obtained from the simulation of the reaction yp(n) — wp(n) — 7w%yp(n) — yyyp(n).
The target was LDs and the proton assumed to be bound with the Fermi momen-
tum distribution shown in fig. 2.4. The cos(0¥,, ) start distribution was flat (full
symbols) and forward peaking (open symbols).
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5.10. The quasi-free production off the bound neutron

5.10. The quasi-free production off the bound neutron

The event selection for this reaction was that four neutral hits were registered and no
further hits. Since the neutron is neutral, there was no straightforward way to distinguish
it from the photons originating from the w meson (as opposed to the case of the proton
which is charged and was identified with the fiber detector or the vetos). This made the
analysis a bit more complicated, requiring additional steps as can be seen in table 5.3.

Like in the proton case, the neutron did not deposit its whole energy, thus the mass
cannot be determined and used as identification. Instead a missing mass analysis has to
be used in order to identify the neutron from the four neutral hits (ninangns). However,
the first step was an attempt to remove the most prominent background, which in this
case originated from the 7°7%-channel (where the neutron was assumed not to have been
detected). This was done by combining the four neutral hits two by two, plotting one
combination versus the other. The events originating from the 797%-channel showed up
as a peak around the pion mass. A cut was placed around this peak (115 MeV < my, 5, <
155 MeV and 115 MeV < my,p, < 155 MeV) in this two dimensional histogram (see fig.
5.29) and all events that fulfilled this condition were discarded.
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Figure 5.29: The anti-cut that was used to subtract m°7%-background in the case when the w
meson was produced off a neutron. Left: The invariant mass of two neutral hits
versus the invariant mass of the other two neutral hits. The cut made around the
7070-peak is shown in blue. All events inside this cut were eliminated. Right: The
projection for 115 MeV < my,p, < 155 MeV. The excluded events are marked in
blue. The contribution from the n7°-channel is also seen, but was so small that no
cut was made on that. 39



5. Particle Reconstruction and Analysis

For the remaining events the pion was determined in the same way as in the proton-case
(described in sect. 5.9) with the difference that here the combinatorics was made out
of four neutral hits, giving six possible combinations. The invariant mass of all possible
combinations of two photons were formed and a y?-test requiring the mass of a pion was
used for the selection, see eq. 5.9. The y? distribution and confidence level are shown in
fig. 5.30. Subsequently, a cut around the pion peak (110 MeV < m., < 160 MeV) for the
selected solutions was placed. For the events where the selected solution fulfilled this cut
the mass was set to the pion mass. The other events were discarded.

When the pion was successfully identified there exist two solutions for forming the w
meson with the two remaining neutral hits added to the pion. In order to select the true

solution the missing mass for both solutions was calculated according to

MPiss = [Py + Py —Pro|, (5.20)

miss

where P, P, and P, are the four-momenta of the incident photon, the initial state
neutron (assumed to be at rest) and the detected 7%y. Because of the multiplicity of hits
in the tagger, the correct one (corresponding to the incident photon) had to be selected.
This was done by looking at the time information of the hit in TAPS (time information
was only available for TAPS) compared to the time of the hits in the tagger. If at least
one of the two photons originating from the pion entered TAPS, its time was used. In
case both entered TAPS, their mean was used. If none of them entered TAPS, the time
information from the two remaining neutral hits was used. It would have been preferable
not to use the timing of the neutrons since they are slower than the photons, but since at
this stage they were not separable, in some cases this was unavoidable. A cut was then
placed on the calculated time difference at -3 ns to 3 ns defining the true taggerhit. This
time interval could still contain several taggerhits and the missing mass and y?2,

X2 = (mgn'ss - mn)Q’ (521)

were calculated for all these possibilities. This did not pose a problem because with the
x2-test only one solution was chosen and, for example, hits in neighboring tagger fibers
will all give the same combination. The y2-distribution and CL are shown in fig. 5.31.
For the x? calculation the nominal mass of the neutron was not used because it was
found from simulation that the calculated missing mass waried with the incident energy.
Therefore, m,, was corrected for by the fit in fig. 5.32 (left). Figure 5.32 (right) shows
the 7% invariant mass for the combinations selected by the x2-test together with the not
selected combinations for the simulation. It shows that the x2-test successfully identified
the correct combination. Only in a negligible part of the events the wrong combination
was selected and the true solution discarded.
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Figure 5.30: Left: x? calculated by eq. 5.9 for the LDy data (black solid) and simulation (red
dashed) for four neutral hits. Right: Confidence level. A rise in the CL distribution
at higher CL values indicates that errors are underestimated.
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Figure 5.31: Left: x2,,, calculated by eq. 5.21 for the LD data (black solid) and simulation
(red dashed) for four neutral hits. Right: Confidence level. A decrease in the CL
distribution at higher CL values indicates that errors are overestimated.

91



5. Particle Reconstruction and Analysis

X2 /' ndf 56.79/4
200 po 61.09+ 12.26
'; : T I LB I LB I LI I L I T pl 0458+ 0.22 ';‘ [ L I T 1 7T I L I L I T T T I T L ]
E . . . <
% 150F simulation: 2 0.002386 % 0007 — I —selected solution B
= E p3  -4.307e-06 + 1.676e-06 a - 1
c oY n(p) - wn(p) ] S | -- notselected solution —
'a 100 ] 8 N ]
cE r ] B 7
£ sof 3 B ]
o~ = i ]
-50F e N ]
: : . _
-100F = o ]
r ] - LN -
E . Lo |
-150F . - T, ]
X 1 I . ]
ool Lo b b b b 1 19 Lol ey |
50 100 150 200 250 300 350 400 0 200 400 600 800 1000 1200
Beam Energy [tagger fiber] mré’v [MeV]

Figure 5.32: Left: Difference between the missing mass peak position and the nominal value
of the neutron mass for simulation. Right: Invariant mass of 7%y for the selected
solution (black) compared together with the not selected solution (red).
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Figure 5.34: Missing mass spectra fitted with a Gaussian for different incident beam energies
(in tagger fiber numbers) for a simulation of the reaction of an w meson produced
off a bound neutron and decaying into 7%y. The beam energy is increasing with

decreasing fiber number. Bottom right: The mean-3c < m? . = < mean+2¢ missing

miss
mass cut around the neutron peak which is varying linearly with the incident beam

energy.
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5. Particle Reconstruction and Analysis

Figure 5.33 (left) shows the 7%y invariant mass versus the missing mass calculated by
eq. 5.20. The events of interest, the w mesons detected in coincidence with neutrons,
are marked in the figure. With a cut around the w mass the peak in the missing mass
spectrum around the neutron became more apparent, see fig. 5.33 (left).

This indicated that a missing mass cut around the neutron mass could reduce the back-
ground under the w meson peak. The cut was obtained from the yn(p) — wn(p) sim-
ulation. The simulation showed that the width of the proton peak in the missing mass
spectra depended on the incident beam energy, becoming wider as the beam energy was
increasing. This is shown in fig. 5.34 where the missing mass spectra for several different
incident beam energies were fitted with Gaussians and the missing mass cut was chosen

n

to be a mean-30 < m, ... < mean+20 cut around the neutron peak varying linearly with

the incident beam energy (shown in fig. 5.34 (bottom right)). The missing mass cut was

703.547 + 0.318076 B/ ™" < my,;. . < 1174.22 — 0.38852E] " | (5.22)

miss

which implied a cut of 824 MeV < mj,, . < 1027 MeV at an incident beam energy E., =

miss
1108 MeV and 715 MeV < m], .. < 1160 MeV at an incident beam energy £, = 2008 MeV.
Figure 5.35 (left) shows the missing mass cut together with the missing mass versus in-
cident beam energy for the LDs data. To the right in the same figure the effect of the
cut on reducing the background in the 7%y invariant mass spectrum is illustrated. The
signal-to-background is highly improved by the cut.
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Figure 5.35: Left: The missing mass versus the incident beam energy in tagger fibers (the beam
energy is increasing with decreasing fiber number) for the case when the w meson is
produced off a bound neutron. The missing mass cut is drawn in red. Right: The
effect of the missing mass cut on removing background. The invariant mass of 7%
above the production threshold of the w meson without (black) and with (red) the
missing mass cut.

The next step in the analysis was a cut on the polar angle of the particle that was thought
to be the neutron, 6}, . This angle was restricted by kinematics to a certain maximum
value which depended on the incident beam energy. Figure 5.36 (upper left) shows this
dependence for the yn(p) — wn(p) simulation. The maximum 6%, was ~65° at in inci-
dent beam energy of 2.0 GeV (El{;abi: =T79). Lower incident beam energies [MeV] allowed
for smaller maximum 6!, . Figure 5.36 (upper right) shows the situation for the data.
Here, events at angles that were not allowed by the kinematics of the reaction were found.
These particles cannot be neutrons and therefore they were discarded by the cut shown
in red. Figure 5.36 (lower left) illustrates the difference observed in the data compared to
the simulation by showing the full projection onto the 6]}, -axis of the two upper figures.
A considerable part of the events in the data was found at angles above the maximum
allowed angle. Figure 5.36 (lower right) shows the 7% invariant mass spectrum for events
inside and outside the cut. It can be seen that some of the particles at high 6!, correspond
to an w signal in the 7%y invariant mass spectrum. They were removed by the 0., -cut,
since they did not come from the sought for yn(p) — wn(p) channel.
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Figure 5.36: Polar angle of the neutron versus incident beam energy [fiber numbers] for simula-
tion (upper left) and for data (upper right). The cut used is drawn in red in both
figures. Lower left: Projection onto the 6}, -axis for simulation (black solid) and
data (red dashed). Lower right: The invariant mass of 7% for events inside the cut
(red solid) and for events outside the cut (black dashed) for the data.

After these cuts, the 7%y invariant mass spectra were fitted with the function 5.16, the
background was subtracted and the number of w mesons was estimated, N,. Some ex-
amples of spectra at different incident beam energies are shown in fig. 5.37, but (as in
the case of the w meson being produced off the proton) the production was not isotropic
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5.10. The quasi-free production off the bound neutron

and therefore the angular distributions had to be studied. The invariant mass spectra
for different bins of cos(6¥,,) are shown in fig. 5.38 for the incident beam energy E,
= 1708-1808 MeV. For the incident energy bin E, = 1108-1158 MeV the fitting was too
difficult, hence, no cross-sections were determined for this bin. All 7%y invariant mass
spectra together with the fits for the exclusive analysis off the bound neutron can be seen
in appendix G.

The number of w mesons determined from the fits did not all come from the sought
after channel. They had to be corrected for protons which were mis-identified as neutrons
due to inefficiencies of the fiber and veto detectors. The correction factors for this mis-
identification were determined from the LHs data as described in sect. 5.9 and defined in
eq. 5.17. The true number of w mesons produced off a neutron was calculated by

.
NI = Ny — 250 N (5.23)

Figure 5.39 shows the number of w mesons produced off the bound neutron as a func-
tion of cos(6¥,, ) with the different angular bin sizes taken into account before correction
Nyn and after correction N¢'". The necessary corrections due to the mis-identification of
protons as neutrons mostly affect the region where the w meson is going in forward direc-
tion. However, even after these corrections the production off neutrons favors w mesons

in the forward region.
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Figure 5.37: A few examples of 7’y invariant mass spectra for four different incident beam
energies for the event selection four neutral hits for the LD, target data.
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Figure 5.38: 7~ invariant mass spectra for the cos(6¥,, ) angular bins with E, = 1708-1808
MeV for the events with four neutral hits for the LDy target data.
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Figure 5.39: Number of w mesons produced off the bound neutron as a function of cos(8,, )
normalized to cos(#¥,,) = 0.1 before correction N, (open symbols) and after
correction NS (full symbols) (see eq. 5.23). Note that the numbers are not yet
corrected for detection efficiencies.
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5. Particle Reconstruction and Analysis

Acceptance of reaction off neutrons

The detection acceptance was obtained from a simulation of the reaction yd — wn(p) —
7%9n(p) — yyyn(p) with LDy target (here the effect of the Fermi motion was taken into
account). The simulations were done for a flat start distribution with w mesons were
isotropically generated in cos(6%,,) and for a forward peaking start distribution such as
the ones shown in fig. 5.27. The incident beam energy had a 1/E, behavior. The event
selection and analysis steps were exactly the same for the simulation as for the data. The
angular acceptances for w mesons produced off a bound neutron are shown in fig. 5.40 for
both the flat and the forward peaking start distribution. The acceptances can be seen to
be independent of the shape of the start distribution. A flat start distribution was used
to calculate the acceptance used to determine the differential cross-sections in this work.

It is important to note that the analysis was such that the recoil neutron was required to be

detected, which means that the efficiencies shown are the combined efficiency for detecting

the three decay photons from the w meson and the neutron, i.e. (€czc1)” = €w€n = €34€n.
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Figure 5.40: Angular efficiencies for detecting an w meson in coincidence with a neutron, ez ey,
obtained from the simulation of the reaction yn(p) — wn(p) — 7%yn(p) — yyyn(p).
The target was LDy and the neutron was assumed to be bound with the Fermi
momentum distribution shown in fig. 2.4. The cos(6%,,, ) start distribution was flat
(full symbols) and forward peaking (open symbols).
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5. Particle Reconstruction and Analysis

The angular efficiencies show that the detection efficiency decreases as the w meson goes
forward, especially for higher incident beam energies. The explanation for this is the same
as in the case that the w meson was produced off the bound proton; in this angular bin the
neutrons (backward going in the c.m.-system) were so slow that they did not have enough
energy in order to be detected. Due to the Fermi smearing some of them were detected,
but the detection efficiency is low in this angular region.

The forward peaking that was seen in the production of w mesons together with the
sharp decrease in efficiency in the same bin made the differential cross-sections steeply

rising as is shown in sect. 6.1.2.

Total detection efficiencies

The total detection efficiencies for the three different reaction channels as a function of
incident beam energy are shown in fig. 5.41. They are the angle integrated efficiencies for
the simulations with flat start distributions shown in figures 5.26, 5.28 and 5.40.
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Figure 5.41: Total efficiencies for the three reaction channels: w meson produced off the free
proton (blue diamonds), off the bound proton (black squares) and off the bound
neutron (red triangles).
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5.11. The time-of-flight (TOF)

5.11. The time-of-flight (TOF)

The time-of-flight (TOF) is generally the time it takes for a particle to travel from the
target to the detector. For the setup used in this experiment time information was only
available for particles entering the TAPS detector. The time was measured relative to
either hits in the tagger or to photons registered in TAPS for the same event. These
different time references have different resolutions (650 ps for TAPS and 1.6 ns for the
tagging system). Figure 5.42 shows the deposited energy versus the time-of-flight of what
is thought to be the recoil nucleon for charged particles (left) and for neutral particles
(right). In the upper two figures the time information from the tagger was used and in
the lower two figures the time of photons entering TAPS was used as reference time. One
clearly sees the difference in time resolution between the TAPS and the tagger system.
Since TAPS had the better time resolution it was preferred as reference time. Figure 5.42
also illustrates the different patterns displayed by protons, neutrons and photons. The
characteristic proton band can clearly be seen (left). This band is due to the fact that
protons loose their energy primarily through ionization and there is a dependence between
the kinetic energy of the protons and the energy deposited in the detector. Generally, the
dependence is such that the faster the protons the more energy they deposit. However,
this is only true until they reach the maximum at Fg, = 400 MeV. At that point they
start exiting at the back of the crystals and deposit less and less energy. There is an
intensity in this plot around Eg., ~ 200 MeV at time zero, where the protons become
minimum ionizing particles since they deposit exactly this amount of energy before they
exit at the back of the crystals. The neutrons loose their energy through other processes
(see sect. 3.6) and do not show an Eg,-time-dependence. The photons can be seen as a
line at zero time, since they are all traveling with the same speed regardless of their energy.

Since the distance traveled by a particle from the target to TAPS varied depending on
the direction of the particle, a normalization was required in order to give a meaningful
comparison. The time-of-flight normalized to a distance of 1 m was calculated by

t—t
TOF = TV + oy im s (5.24)

where ¢ was the time of the particle of interest, ¢, was the mean time of the neutral particles
belonging to that event which were assumed to be photons (the neutron was excluded from
this group by the missing mass analysis), d is the flight path of the particle and ¢ 1, is
the time required for a photon to travel a distance of 1 m (i.e. ty 1, = 110° _ 3 33564 ns,

Cc
c is the speed of light ¢ = 299792458 m/s).
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Figure 5.42: The deposited energy Eqep as a function of relative timing of what is believed to
be the recoil nucleon using the time information of the tagger (top) and the time
information of photons in TAPS (lower) for charged nucleons (left) and neutral
nucleons (right). The effect of the different time resolutions can clearly be seen.
The resolution (o) was 650 ps for TAPS and 1.6 ns for the tagging system.
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Placing cuts in the Eg.,-TOF spectra according to where the protons and neutrons are
expected helps in identifying the reaction of interest and reduces the background. Figure
5.43 illustrates the effect of a cut around the proton band (events outside of this cut were
discarded) on reducing the background for the reaction when the w mesons were produced
off the bound proton. The upper figures show the Fg.,-TOF spectra for simulation of
the particular reaction channel (left) and for data (right). The reference time from TAPS
was used and the TOF was normalized to 1 m. The cut is drawn in red. The lower left
figure shows the 707 invariant mass for all events, for events where the recoil nucleon was
detected in TAPS, for events where the recoil nucleon was detected in TAPS where the
time information was available, and the same events after the time cut depicted in the
upper figures was applied. The lower right figure shows the invariant mass for all events
and the total remaining events after the time cut was placed. Both spectra were fitted and
their signal-to-background ratios were determined, yielding S/(S+B) = 0.42 without the
cut and S/(S+B) = 0.45 with the time cut for the w meson produced off the bound proton.

The same type of figures, but for the case when the w meson was produced off a bound
neutron, are shown in fig. 5.44. Here the cut was TOF > 4 ns as shown in the upper two
figures. Only events satisfying this cut were kept. The lower right figure shows the effect
of this cut on the total events, before cut compared to after cut. For w meson produced
off the bound neutron the numbers were S/(S+B) = 0.33 before the cut and S/(S+B) =
0.37 after the cut.

Such a small gain in the signal-to-background ratios was not enough to motivate the

more complicated analysis required to use time cuts. Therefore, they were not used in the
analysis to obtain the results of this thesis.
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Figure 5.43: Top: The deposited energy Egcp, as a function of the time-of-flight TOF of what is
believed to be the recoil proton, for simulation (left) and for the LDy target data
(right). The cut is drawn in red. Lower left: The 7% invariant mass in the incident
beam energy range E, = 1108-2008 MeV for all events (black), for events where
the recoil proton is going into TAPS (green), for events where the recoil proton is
going into TAPS with available time information (blue), events remaining after the
cut around the proton band (red). Lower right: The effect of the time cut on the
total signal-to-background ratio.
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Figure 5.44: Top: The deposited energy Eqep as a function of the time-of-flight TOF of what is
believed to be the recoil neutron, for simulation (left) and for the LDy target data
(right). The cut is drawn in red. Lower left: The 7%y invariant mass in the incident
beam energy range E, = 1108-2008 MeV for all events (black), for events where
the recoil neutron is going into TAPS (green), for events where the recoil neutron
is going into TAPS with available time information (blue), events remaining after
the cut around the neutron band (red). Lower right: The effect of the time cut on
the total signal-to-background ratio.
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5.12. Inclusive analyses

The inclusive analyses were done as a check of the results from the exclusive analyses.
In the inclusive analyses the recoil nuclei were not required to have been detected. This
means that the method was independent of proton or neutron detection efficiencies, only
the w meson detection efficiency played a role. The event selection for the inclusive anal-
yses was three neutral hits and no further hits or at least three neutral hits and four hits
in total (the fourth hit may be charged or uncharged). The analysis steps for the inclusive
reactions are listed in table 5.4. For the four hits events the steps were identical to the
ones in the exclusive analysis up to the point of the Gﬁl%fl(Ege“m

in the exclusive analyses. This cut was not made in the inclusive analyses, since here the

)-cut that was only made
nucleon was not required to have been detected.

The three neutral hits (and no further hits) events, included in the inclusive analysis,
introduced an additional cut that was not used in the exclusive analyses, namely a cut
on the opening angle between the 70 and the + originating from the w meson. This cut
was necessary in order to reduce a strong background channel seen in the three neutral
hits events, but for consistency it was also placed for the four hits events in the inclusive
analysis.

The analysis steps in the inclusive analyses will be described in more detail in sect. 5.12.3
for w mesons produced off LHy and in sect. 5.12.4 for w mesons produced off LDs. The
figures illustrating the cuts in these sections are for the group of events with three neu-
tral hits (and no further hits) since the four hits events have been shown in the exclusive
analyses.

The inclusive analysis had the advantage over the exclusive analysis that the nucleon
detection efficiency was irrelevant. As was shown in figure 5.26 the proton detection ef-
ficiency was dropping to zero for the reaction when the w meson went forward in the
c.m.-system for incident beam energies above 1500 MeV. In this region, the protons did
not have enough kinetic energy in order to be detected. Therefore, the exclusive differen-
tial cross-sections had to be extrapolated into this region in order to determine the total
cross-section. This problem was avoided in the inclusive analysis, where full differential
cross-sections could be obtained, without any extrapolation needed.

Since the recoil nucleon detection efficiencies did not enter in the inclusive analyses, the
detection efficiency (the one to detect the w meson) was the same, irrespective of the
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target. The w meson detection efficiency was determined in two different ways giving two
different methods for determining the inclusive cross-sections.

5.12.1. Phase Space Method

In this method the same phase space simulation as for the exclusive channels was used, but
treated in an inclusive manner by the event selection described above. Figure 5.55 shows
this efficiency, i.e. the w detection efficiency, for the phase space simulation of w meson
produced off the free proton. Figure 5.63 shows the same angular efficiencies obtained
from the simulation of the w meson produced off the bound proton and off the bound
neutron treated in an inclusive manner. They are in very good agreement, as would be
expected.

5.12.2. The Grid Method

The so-called grid method is independent of any reaction kinematics and uses an event-
by-event efficiency correction depending on the kinetic energy (777, ) and the polar angle
(0%,) of the w meson. The w mesons were generated in GEANT with a flat (0;ap., Tiap.)-
distribution (see fig. 5.45 (upper left)) and the same two dimensional histogram was
plotted for the detected w mesons, i.e. the requirement 650 MeV < m o, < 900 MeV,
(see fig. 5.45 (upper right)). The ratio of these two histograms gave the efficiency (see fig.
5.45 (lower left)). This efficiency was smoothed in order to avoid irregularities and the
resulting grid efficiency after smoothing is shown in fig. 5.45 (lower right). Each event was
corrected event-wise with this efficiency according to the kinetic energy and polar angle
of the reconstructed w meson.
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Figure 5.45: Upper left: start distribution of a simulation of isotropically distributed w mesons as
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a function of kinetic energy of the w meson T, and its polar angle in the laboratory

system 6,,. Upper right: reconstructed w mesons for the simulation. Lower left:

The grid efficiency obtained. Lower right: The grid efficiency after smoothing.
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Figure 5.46: The distribution of an w mesons as a function of kinetic energy of the w meson 7,
and its polar angle in the laboratory system 6, for the LDy data (left) and LHa
data (right) before acceptance correction. A missing mass cut and a cut around the
w mass in the 7%y invariant mass spectrum, 650 MeV < Mo, < 900 MeV, were
placed.

Figure 5.46 shows the distribution in the w meson region, 650 MeV < m o, < 900 MeV,
(background and signal) for the LD4 target data (left) and LHo target data (right). This
check was done in order to ensure that the events in this mass region were covered by an
efficiency in the grid, which was the case. To avoid that too low entries create spikes in
the efficiency corrected histograms, a cut was placed at an efficiency of 1.0 %. Events with
a lower acceptance were discarded.

5.12.3. The inclusive production off LH,

The inclusive analysis of the w meson produced of LHy provided an independent check of
the cross-section of the w meson produced off the free proton, obtained in the exclusive
analysis. Since there is no other nucleon, other than the proton, present in the target the
cross-sections from the two different methods should be the same, i.e.

indd — 9p> (525)
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Figure 5.47: Left: The x? distribution for the selection of the two photons originating from the
70 for for events with three neutral hits and no further hits from the LHa data (black
solid line) and vp — wp — 7vp — yyyp simulation (red dashed line). Right: The
confidence level.

where o), is the exclusive cross-section of the w meson being produced off the free proton.
At higher incident beam energies, though, other possible production channels may imply
that the equality in eq. 5.25 no longer holds.

The first step in the inclusive analysis was to select the two photons originating from
the pion. This was done with a x? test (see eq. 5.9). Figure 5.47 shows the x2 (left)
and the confidence level (right) for the simulation and for the data for three neutral hits
events. A cut around the pion mass (110 MeV < m.,, < 160 MeV) was placed and the
third neutral hit was then added to the invariant mass. The missing mass was then cal-
culated according to eq. 5.13. Figure 5.48 (left) shows the invariant mass of 7%y versus
the missing mass for events with three neutral hits and no further hits. The w mesons in
connection with protons can clearly be seen in the figure. Figure 5.48 (right) shows the
projection onto the missing mass axis before and after a cut around the w meson mass
(700 MeV < m o, < 850 MeV) has been applied. After this cut a clear peak around the
proton mass can be seen. A missing mass cut according to eq. 5.14 was therefore placed in
order to reduce the background. The missing mass cut is shown in red in fig. 5.49 (left).
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Figure 5.49: Left: The missing mass versus the incident beam energy in tagger fibers (the beam

energy is increasing with decreasing fiber number) for the event selection of three
neutral hits and no further hits for the LHy target data. The missing mass cut is
drawn in red. Right: The invariant mass of 7%y above the production threshold of
the w meson without (black) and with (red) the missing mass cut.
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5. Particle Reconstruction and Analysis

Figure 5.49 (right) illustrates the effect of this cut on reducing the background. A clear
reduction of the background can be seen.

An obvious feature in the invariant mass spectrum is a peak around 550 MeV. This peak
was not removed by the missing mass cut and that was the motivation for the last cut, a
cut on the opening angle between the 7% and the ~ originating from the w meson in the
0.y

m

center-of-mass system, 6¢,,'. The cut was dependent on the momentum of the w meson

in the center-of-mass system, p¥, . , according to

MeV/c
deg

pe. < —11.11-677 + 2000 MeV /c. (5.26)
Events outside of this cut were discarded. Figure 5.50 (upper left) shows this cut together
with a vp — wp simulation and even though some of the events ended up outside of this
cut, it is clear that most of the w mesons satisfied this cut. The situation for the data
(upper right) was completely different to the simulation. Here, a considerable part of the
events ended up outside of this cut, in two distinct areas. The lower figures shows the
invariant mass for the simulation (left) and the data (right) before and after the open-
ing angle cut. The peak around 550 MeV in the data was successfully removed by this cut.

A simulation of the single pion production (yp(n) — 7%p(n) — ~vyp(n)) showed that
this was indeed the background channel responsible for this peak. Figure 5.51 (left) il-
lustrates that this simulated channel exactly reproduces the intensities outside of the cut
that were seen in the data. Figure 5.51 (right) shows the invariant mass of the single
70 production channel for the simulation and the peak around 550 MeV can clearly be
seen before the cut and that it was successfully removed with this cut. This strong peak
originated from events where a proton was mis-identified as a neutral particle and was
assumed to be the third photon. Even though the probability for this mis-identification
was small, the contribution was still large due to the large cross-section for the single pion
production. Removal of this background peak was crucial in order to get a reliable fit of
the background in the invariant mass spectra.
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Figure 5.50: Top: The opening angle between the 7° and v versus the momentum of the recon-
structed w meson in the center-of-mass system for events with three neutral hits
and no further hits for simulation (left) and LHy target data (right). The cut is
drawn in black. Lower: The 7%y invariant mass before (black solid) and after (red
dashed) the opening angle cut for the simulation (left) and for the data (right).
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Figure 5.51: Left: The opening angle between the 7° and + (proton mis-identified as 7) versus
the momentum of the reconstructed w meson in the center-of-mass system for events
with three neutral hits and no further hits for a simulation of single pion production
off the bound proton, yp(n) — 7°p(n). The cut is drawn in black. Right: Invariant
mass spectra for the same simulation outside (black soild) and inside (red dashed)
the opening angle cut.

The events surviving these cuts were corrected for the detection efficiencies as described
in sect. 5.12.1 for the phase space method and in sect. 5.12.2 for the grid method. In
figure 5.52 some examples of invariant mass spectra before (left) and after (right) event-
by-event efficiency correction can be seen for different bins of cos(6%,, ) for an incident
beam energy E, = 1700-1800 MeV. All fits (with the function 5.16) to the 7%y invariant
mass spectra (before and after event-wise efficiency correction) for the inclusive analysis
of the LHy target data can be found in appendix E. The numbers of w mesons before
efficiency correction are shown in fig. 5.53.
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Figure 5.52: The 7%y invariant mass for a few different cos(6%,, ) angular bins for incident beam
energy F, = 1700-1800 MeV for the inclusive analysis off the LH> target. The
figures to the left are before efficiency correction and the figures to the right have
been event-wise efficiency corrected depending on the 6,45, and Tj4p. of the w meson.
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Figure 5.53: Number of w mesons produced off the free proton as a function of cos(6%,, ) (with
the different angular bin sizes taken into account) for the inclusive analysis. Note
that the numbers are not yet corrected for detection efficiencies. The statistical
errors are shown.
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The average angular efficiency was recalculated from the grid method, €44, and compared

to the ones obtained from the phase space simulations,

Ndetected(A COS(Q;{m.), AE,l;eam)

beam
€grid(A cos(0;, ), AESY") = — , (5.27)
Ncoerﬁgcied(A COS(GZ{WL)’ AEgeam)
where Ndetected are the number of detected events before efficiency correction and N gjﬁfgifgd

are the number of detected events after event-by-event efficiency correction according to
the grid efficiency. This was done for bins of (A cos(0%,, ), AEf’{eam).

The grid efficiency did not take the signal losses due to the missing mass cut, efﬁii““t,
and due to the opening angle cut, e?:;glecm, into account. The total loss €j,55 = el”(};iscm .

oanglecut
loss

bin of cos(0Y,, ) was calculated by dividing the number of reconstructed w mesons after

had to be estimated and corrected for at a later stage. The signal loss in each

the cut with the number of reconstructed w mesons before the cut for the exclusive phase

space simulation treated in an inclusive manner

Naftercuts A cos(f¥ ,AEbeam
6loss(A COS(G?’_m.)7 AE,l;eam) = ( ( c.m,) v )

= . 5.28
Nbeforecuts (A COS(Qﬁm,), AE,l;eam) ( )

The resulting signal losses from the missing mass cut and from the opening angle cut are
shown in fig. 5.54.

Figure 5.55 shows the recalculated efficiencies from the grid method before the signal
loss correction €g4.;¢ and after the signal loss correction €4 - €055 in comparison to the
efficiencies obtained from the phase space simulation treated in an inclusive manner. It
shows that after the signal loss correction the recalculated grid efficiencies € g,iq - €055 agree
well with the efficiencies from the phase space simulations treated inclusively, as expected.
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Figure 5.55: w detection efliciency as a function of cos(6%,,, ) for the inclusive reaction using the

grid method before (green open) and after (green full) signal loss correction com-

pared to using the phase space simulation (yp — wp simulation treated inclusively
in the analysis) for the reaction off free protons (blue).
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5.12.4. The quasi-free inclusive production off LD,

The quasi-free inclusive production off a deuterium target means that the w meson was
produced off either a proton or off a neutron. If the coherent contribution (production off
a deuterium nucleus which stays intact) is negligible (which is thought to be the case, as
will be shown in sect. 5.13), the quasi-free inclusive cross-section 05@2 is assumed to be

close to the sum of the two exclusive cross-sections, i.e.

LDy _ _bound bound
Oincd — Jp + On ) (529)

bound

where o) is the exclusive cross-section of the w meson being produced off a bound pro-

bound

ton and o,

is the exclusive cross-section of the w meson being produced off a bound
neutron. This equation holds for incident beam energies where no additional particles are
produced, but such a contribution is, however, expected to be small. With this reasoning,
subtracting Ugwnd from the quasi-free inclusive cross-section is an alternative determi-
nation of the cross-section off a neutron, which is independent of the neutron detection

efficiency.

The inclusive analysis of the LDs data was done in the exact same way as that of the
LH, data. First, the two photons originating from the 7° was identified with a y? test
(see eq. 5.9). Figure 5.56 shows the x? (left) and the confidence level (right) for the
simulation and for the data for three neutral hits events.
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Figure 5.56: Left: The x? distribution for the selection of the two photons originating from the
70 for the inclusive analysis of w production off LDy target for data (black solid
line) and simulation (red dashed line). Right: The confidence level.
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Left: The invariant mass of 7%y versus the missing mass for the event selection

of three neutral hits and no further hits. Right: The full projection on the x-axis

(black) and the projection after a cut in the 7%y invariant mass around the w mass
shown (red). With the cut applied a clear peak around the proton mass can be

seen.

A cut around the pion mass (110 MeV < m., < 160 MeV) was placed and the third neutral
hit was added to the invariant mass. The missing mass was then calculated according to

eq. 5.13. Figure 5.57 (left) shows the 7%y invariant mass versus the missing mass for the

events where three neutral hits (and no further hits) have been registered . These are part

of the events selected for the quasi-free inclusive channel (the other parts have been shown

in the exclusive channels). Figure 5.57 (right) shows the projection onto the missing mass

axis for the full range and for a cut around the w mass indicated in the left figure. A peak

around the proton (or neutron) mass can be seen after the cut, indicating the events of

interest.
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Figure 5.58: Left: The missing mass versus the incident beam energy in tagger fibers (the beam
energy is increasing with decreasing fiber number) for the event selection of three
neutral hits and no further hits. The missing mass cut is drawn in red. Right: The
effect of the missing mass cut on removing background. The invariant mass of w0~
above the production threshold of the w meson without a missing mass cut is shown
(black) and with the missing mass cut (red).

As in the analysis of the exclusive channels, a missing mass cut depending on the incident
beam energy (see eq. 5.15) was applied in order to reduce background in the 7% invariant
mass spectrum. In fig. 5.58 (left) shows this cut together with the data. Figure 5.58 (right)
shows a clear reduction of the background when this cut was applied.
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5.12. Inclusive analyses

Just as in the inclusive analysis of w mesons produced off the LHs target, a momentum
dependent cut on the opening angle according to eq. 5.26 was placed in order to remove
a strong contribution from single 7% production (a simulation of the single 7° production
is shown in fig. 5.51). Figure 5.59 demonstrates the success of this cut on removing the
single 7 background channel which showed up as a peak around 550 MeV in the 7%y
invariant mass spectrum. The origin of this peak was discussed further in sect. 5.12.3.

The events surviving these cuts were corrected for the detection efficiencies as described
in sect. 5.12.1 for the phase space method and in sect. 5.12.2 for the grid method. In
figure 5.60 some examples of invariant mass spectra before (left) and after (right) event-
by-event efficiency correction can be seen for different bins of cos(6¥,,) for an incident
beam energy E, = 1708-1808 MeV. All fits (with the function 5.16) to the 7%y invariant
mass spectra (before and after event-wise efficiency correction) for the inclusive analysis
of the LDy target data can be found in appendix H. The numbers of w mesons before
efficiency correction are shown in fig. 5.61.

The signal losses due to the missing mass cut, eﬂ}ii““t and due to the opening angle
cut E?Oa;glecm (they were not accounted for by the grid efficiency) had to be estimated

and corrected for. The signal loss due to the missing mass and due to the opening angle
cut in each bin of cos(6¥,, ) was calculated with eq. 5.28. They are shown in fig. 5.62.
The signal losses were calculated for both the simulation off the bound proton and off the
bound neutron. From fig. 5.62 it is clear that the signal losses were independent of the
simulated reaction channel used.

The average angular efficiencies were recalculated from the grid method using eq. 5.27.
They are shown in fig. 5.63 before and after signal loss corrections. In the same figure the
efficiencies obtained from the phase space simulations off protons and off neutrons treated
inclusively are shown. They agree well with the average angular efficiencies from the grid

method after signal loss corrections.
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Figure 5.59: Top: The opening angle between the 7° and v versus the momentum of the recon-
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structed w meson in the center-of-mass system for events with three neutral hits
and no further hits for simulation (left) and LDy target data (right). The cut is
drawn in black. Lower: The 7%y invariant mass before (black solid) and after (red
dashed) the opening angle cut for the simulation (left) and for the data (right).



5.12. Inclusive analyses
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Figure 5.60: The 7%y invariant mass for a few different cos(6%,, ) angular bins for incident beam
energy F, = 1708-1808 MeV for the inclusive analysis off the LDy target. The
figures to the left are before efficiency correction and the figures to the right have
been event-wise efficiency corrected depending on the 6,45, and Tj4p. of the w meson.
The signal-to-background ratio obtained from the fits are shown.

127



5. Particle Reconstruction and Analysis

S ef 13 E) S'10f
3 | E,=115-1.2GeV ,Eg 3l E, = 1.2-1.225 GeV ,Eg E, = 1.225-1.25 GeV Hs | E,=1251.3Gev i
3 - = 3
b= S s L 1s
L a4 1A L4 L ¥
35 s 52 i’i"a 5 * kS
e ) < < 5 * 1
] 8 ¥ ] * 18
=) 3] () - 40
X ¥ = ¢+ * =2 LA *
z . * z * * z * & z * *
* * *x X *  *
1 1 0 1 1 1 1 1 1 C 1 1 1
-1 05 0 1 -1 05 0 05 1 -1 05 0 05 1 -1 05 0 05 1
cos(8g,,) cos(8,,) cos(®;,) cos(8;m)
— T T — T T T —40 T T T —_ T T T
S S 18} {s RE
3 | E, =13-135GeV X3, | E =1.3514GeV XS, | E =14-15GeV 3, [ E, =15-16GeV X
= = 3oL 1= 40k |
% 10t i i i
L Lo T: &
o o * |20 Jo°
5 7 % * 17 *
g o 1€ L 18 gaor 1
= . z o R O *
* O 1 1 1 O
‘1 -05 obX I L 1 05 0 0.5 1 -05 0 0.5
cos(6;,) 1 OR%osef,) 05 1 cos(6¢,) cos(6¢,)
’;‘ T T ’; T T T ’; T T T ’; T T T
3, | E,=16-1.7GeV *d | E=17-18GeV #s | E =1819GeV A & [E,=19-2.0GeV X
540 1540r 1540t 13
o S = o 40F T
I iy I I
S E . 230 1 o E
< * ) < <
[} (0] 1] (%]
gaor 1829 *-gzo- *7 820t *
3= 3= E 3=
z Z 10F * 1z * z *
skt ok . x Ol st sk ot x * o IS * * Ol t e ok . *.'
T 05 0 T 05 0 05 L 705 0 05 1 705 0 05
cos(6;,) cos(,) cos(®;,,) cos(87)

Figure 5.61: Number of w mesons produced off LD5 as a function of cos(6¥,,, ) (with the different

angular bin sizes taken into account) for the inclusive analysis.

Note that the

numbers are not yet corrected for detection efficiencies. The statistical errors are

shown.
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Figure 5.62: Signal loss as a function of cos(6¥, ) for the quasi-free inclusive reaction due to

the missing mass cut (open symbols) and with the addition of the opening angle
cut (full symbols). The signal loss have been calculated by using the vd — wn(p)
simulation (red triangles) and the vd — wp(n) simulation (black squares) and they
are in good agreement.
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Figure 5.63: w detection efficiency as a function of cos(6%, . ) for the quasi-free inclusive reaction
using the grid method before (green open) and after (green full) signal loss cor-
rection compared to using the phase space simulation (quasi-free exclusive reaction
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simulation treated as inclusive in the analysis) for the reaction off protons (black)
and for the reaction off neutrons (red).



5.12. Inclusive analyses

Detection efficiency of protons

The detection efficiency of protons as a function of cos(6¥,, ) was calculated by dividing
the efficiency of the exclusive reaction of the w meson being produced off a proton by the

efficiency of the quasi-free inclusive channel

(Cextdy _ (5.30)

€incl €w

However, since the analyses were done with different cuts the number of w mesons had to
be corrected for the signal losses giving

0—
(Néuarcl)p/elos?u:

€, =
p oangle—cut ’
N
incl/ €loss

(5.31)

where (N¥

& «)p is the number of w mesons seen in the exclusive analysis off the proton

(i.e. the event selection three neutral hits and one charged hit with the missing mass cut
applied), N/, is the number of w mesons seen in the inclusive analysis (i.e. the event
selection with three neutral hits and no further hits or events with at least three neutral
hits and four hits in total) and € “* (see fig. 5.16 for the free proton and fig. 5.17 for

loss
oangle—cut

loss

angle cut (see eq. 5.26), respectively. Practically nothing was lost from the signal by the

the bound proton) and e are the signal losses due to the #-cut and the opening
f-cut in the case of the free proton, see fig. 5.64. For the LHs target, the free proton
detection efficiency could be determined from the data and compared to the one from the
simulation, see fig. 5.65. The data and simulation agree within errors in most cases. The
reason for any discrepancy most likely comes from difficulties in the fitting of the invariant
mass spectra. Obviously, a proton detection efficiency larger than 100% does not make
sense. Figure 5.66 shows the proton efficiencies obtained from the simulation off the bound
proton. Here, a calculation from the data for comparison was not possible.
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Figure 5.64: Loss of w mesons as a function of cos(6¥,, ) due to the ;45 -cut of the recoil protons
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Figure 5.65: Proton detection efficiency as a function of cos(6%,, ) for the simulation (open dia-
monds) compared to data (full diamonds) for the reaction off free protons calculated
using eq. 5.30.
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Figure 5.66: Proton detection efficiency, ¢, as a function of cos(6¥,, ) calculated from simulation
of w mesons produced off the bound proton using eq. 5.30.
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Figure 5.67: Neutron detection efficiency, €,, as a function of cos(#%,,, ) calculated from simula-

tion of w mesons produced off the bound neutron using eq. 5.32.
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5. Particle Reconstruction and Analysis

Detection efficiency of neutrons

In the same way as in the case of the proton detection efficiency, the detection efficiency
of neutrons as a function of cos(f¥,,) was calculated by dividing the efficiency of the
exclusive reaction of the w meson being produced off a neutron by the efficiency of the

quasi-free inclusive channel
(eezdn _ o€ (5.32)

€incl €w

The result can be seen in fig. 5.67.

Total detection efficiencies

The total efficiencies for detecting the nucleons and w meson separately are shown in fig.
5.68 as a function of incident beam energy. They are the angle integrated efficiencies from
simulations shown in figures 5.65, 5.66 and 5.67 and 5.63 (the efficiency from the grid
method after signal loss correction).
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Figure 5.68: Total efficiencies for detecting a free proton (blue diamonds), a bound proton (black
squares), a neutron (red triangles) and an w meson (green circles) separately.
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5.13. Search for coherent production

5.13. Search for coherent production

Coherent production means that the w meson was formed without breaking up the deu-
terium nucleus. Because of the higher mass of the deuterium nucleus (my = 1875.61 MeV)
compared to the proton the recoil nucleus will travel more slowly than a recoil proton and
thus leave a different ionization trace in the Eg.,-TOF spectrum. Figure 5.69 (left) illus-
trates this difference for a simulation of w mesons produced off a bound proton and off
a deuterium nucleus. Figure 5.69 (right) shows what was seen in the data. A cut was
defined around the right part of the trace coming from coherent production in order to
separate events from the ones produced via the quasi-free exclusive production. The cut
is drawn in red in Fig. 5.69 (right).
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Figure 5.69: Deposited energy of the charged recoil particle versus its time-of-flight. Left: Sim-
ulation for w production off a bound proton (in color) and off a deuterium nucleus
(in black). Right: Data together with a cut around the band where the coherent
production is expected to be seen.
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5. Particle Reconstruction and Analysis

Figure 5.70 shows the invariant mass after applying this cut. A small peak can be seen in
the w mass region. The missing mass assuming coherent production was calculated by

miss

me e =Py +Py—Pro], (5.33)

where P, Py and P o, are the four-momenta of the incident photon, the initial state
deuteron and the detected 7%y. The missing mass was calculated for the events with
invariant masses in the w mass region, 700 MeV < m o, < 850 MeV. The result is shown
to the right in fig. 5.70. This was done for two different ranges of incident beam energy
946-1108 MeV (upper row) and 1108-2008 MeV (lower row). As expected, the w mesons
observed below 1108 MeV seems to originate from coherent production since they show
a sharp peak in the missing mass spectrum around the deuteron mass. For the events
in the incident beam energy 1108-2008 MeV the missing mass spectrum shows a broader
peak (which indicates the presence of Fermi momentum) shifted to higher energies. By
comparing to the simulations it seems like there could be a very small contribution from
coherent production. This should not contribute much to the measured cross-section off
the bound proton. Of course, this way of searching for the coherent production was not
possible for the three neutral hits events, since the time of the nucleon was used. Therefore,
the contribution to the inclusive cross-section was not investigated. To determine the
absolute cross-section of the coherent production, the proper acceptance has to be taken
into account, this was however not the aim of this work.
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5.70: Left: The invariant mass of 7% seen in the data after applying the cut shown in fig.
5.69 (right). Right: The missing mass assuming coherent production, applying the

cut in fig. 5.69 (right) and requiring the invariant mass to be in the w meson mass

region (dashed lines in the left figure) for the data (black) and for the simulation
of the coherent channel (red). A negligible contribution from coherent production

can be seen.
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5. Particle Reconstruction and Analysis

5.14. Photon flux determination

The last necessary information needed in order to calculate absolute cross-sections was the
photon flux, now that the number of w mesons produced and the detection efficiencies have
been determined. The photon flux, ¢, is the number of photons in the beam that reached
the target per second and thus had the possibility to produce a reaction. The tagging

o
scaler:

system recorded the number of scattered electrons, N Figure 5.71 (upper left) shows
the scaler spectrum (the number of electrons registered in each tagger fiber) for the LH,
beam time. Scalers were recorded during the spill time, whereas the data acquisition was
running during the life time. Therefore, the scalers had to be corrected for dead time
effects. This was done by using the life time/spill time-ratio, see fig. 5.71 (upper right).
It shows that the life time was ~40 %. Figure 5.71 (lower left) shows the flux [e™/MeV]
as a function of the incident beam energy. It follows a 1/E behavior, which characterizes
Bremsstrahlung photon production. It is, however, only an approximate behavior and has

to be corrected according to
HE) = (-3 + (2R (534

(for details see [46]). E is the electron beam energy, i.e. E; = 3.2 GeV for the LHy beam
time and Ep = 2.6 GeV for the LDs beam time. A fit of eq. 5.34 to the flux shows a good
agreement. However, this fit was only used to illustrate the behavior, for flux correction

in the cross-section calculations the integrated scaler spectrum was used.

Figure 5.72 shows the same as fig. 5.71, but for the LDy target beam time. For this
beam time the beam was linearly polarized, which gave rise to a polarization peak at ~
1100 MeV. Equation 5.34 can obviously not describe the flux in the polarization region.
Figure 5.72 (lower left) shows a fit of eq. 5.34 to the flux outside of the polarization peak
(E, > 1700 MeV). It can bee seen that the effect of the polarization extends far from the
peak position, as low as E, < 500 MeV. It also shows that there is a second maximum at
~ 1550 MeV. This can be more clearly seen in fig. 5.72 (lower right), where the relative
intensity (the ratio of the flux to the fit) is shown as a function of incident beam energy.
This behavior seems to be consistent with previous findings and calculations (see [47]).

Due to the beam dispersion (and consequently, the usage of a collimator placed behind

the bending magnet) N¢ does not directly correspond to the number of photons that

scaler
reached the target. For that reason, one has to take the tagging efficiency, €., into account.
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5.14. Photon flux determination

The tagging efficiency was calculated by

N’Y
_ y—wveto
E’y = T y (535)
scaler
where N«?—Ueto is the number of photons that passed the target and were detected by the

v-veto detector in the beam dump (99,99 % of the photons that reach the target just
pass through the target without undergoing any interaction). For a detailed description of
the tagging efficiency determination (for the beam times with LD target), see [41]. The
tagging efficiencies for the beam times used in this thesis were estimated to be on average
72% for the data with LHs target and 85% for the data with LDy target.

The photon flux was determined by

O(E,) = Neewrer (By) - 64(E5)

AE, At

(5.36)

where AFE, is a bin in incident photon beam energy and At is the number of seconds of
beam time.
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factor T'/¢ /TPl yged to correct for dead time effects. The average life time was
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6. Results

In this chapter the results on differential cross-sections and total cross-sections of w mesons
produced by the following reactions will be shown:

e The production off the free proton vp — wp (exclusive and inclusive analyses)
e The quasi-free production off the bound proton vd — wp(n)
e The quasi-free production off the bound neutron vd — wn(p)

e The quasi-free inclusive production vd — w(np)

6.1. Differential cross-sections

To determine cross-sections for reactions where the particle is not isotropically produced,
it is necessary to study the angular distributions, determine the differential cross-section
and integrate it in order to obtain the total cross-section. This is the case for the photo-
production of w mesons off protons and off neutrons, since the production is favored for
w mesons emitted in the forward direction.

The differential cross-sections were calculated by

do N, (E,,cosb)

—_— E =
dcosﬁ( 1, cos ) e(Ey,co80)-& - Ny(Ey) - Ty - Acosf’

(6.1)

where N, (E,, cos #) is the number of w meson events seen in a certain window of incident
beam energy and window of cos § (where 8 = 0¥, ), e(E,, cos 0) is the detection efficiency
of the reaction (obtained from simulation), £ is the target density (see eq. 2.36 and table
3.1), N(FE,) is the number of incident beam photons in the selected energy window and
I'y, is the branching ratio of the chosen channel.

Due to the strong exponential rise in the differential cross-sections, they were scaled with
the momentum transfer to the nucleon, ¢, for a better visualization. The scaling procedure
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6.1. Differential cross-sections

is described in appendix C. The t-scaled differential cross-sections, do/dt, were fitted with
the function
F(|t — tmin|) = a+exp(b+c- [t — tminl) (6.2)

where the parameter ¢ quantifies the t-channel contribution and a quantifies the contri-

butions from resonances to the cross-section.
The error bars shown in the figures of this section are all purely statistical.

6.1.1. The production off the free and bound proton

Figure 6.1 shows the differential cross-sections of the free proton from the exclusive analy-
sis as a function of cos(6y,,,.) for different bins of incident beam energy, E.,, in comparison
to published data by CLAS [19]. A strong exponential behavior at higher incident beam
energies is observed as the w mesons are moving in forward direction, which is characteris-
tic of t-channel exchange. The comparison between CB-ELSA data and CLAS data shows
a good agreement in the resonance region (the region where the w mesons are moving
backward in the c.m. system). However, in the region where the w mesons are moving
forward in the c.m. system the CB-ELSA data lies above the CLAS data in the full inci-
dent beam energy range.

The differential cross-sections were also determined through an inclusive analysis. The
result is shown in fig. 6.2 for the two different acceptance correction methods, with the
phase space acceptance (described in sect. 5.12.1) and with the grid acceptance (described
in sect. 5.12.2). The two different methods seem to give very similar results. However,
when looking at the total cross-sections a slight discrepancy was seen which reflects the

systematic uncertainty in the w acceptance, which was ~6%.

The mean values for the inclusive differential cross-sections from the two methods were
calculated and scaled with the momentum transfer to the nucleon. The resulting differ-
ential cross-sections, do/dt, are shown in fig. 6.3 together with the t-scaled differential
cross-sections from the exclusive analysis and the published data by SAPHIR [18]. In
general, they come close to each other, however, the CBELSA/TAPS data lie above the
previously published data in the small momentum transfer region for almost all incident
photon energy bins. For a comparison of the total cross-sections off the free proton, see
fig. 6.14.
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Figure 6.1: Differential cross-sections, do/dcos(6%,, ) versus cos(6¥,, ), of w mesons produced
off the free proton for different bins of incident beam energy, E,. The results of
this thesis for the exclusive analysis (blue diamonds) are compared to CLAS data
(magenta circles)[19]. Since the incident energy binning of the present work does not
coincide with that in [19] several CLAS data sets are shown for the incident energy
intervals given in this figure.
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Figure 6.2: Differential cross-sections, do/dcos(6%,, ) versus cos(6%,, ), of w mesons produced
off the free proton for different bins of incident beam energy, E,. The results of
inclusive analysis using the grid acceptance (green circles) and using the phase space
simulated acceptances (black stars).

147



6. Results

— T T — T T T — T T T — T T
Ry E,~1125-1.15GeV [ E,~1.15-1.175GeV [% E,~1.175-1.2GeV |5 E,=1.2-1.25 GeV
= > > >
[ [0 [0} ]
e e e 22
3 3 3 3
= = = =
kS| 3 3 g
o) o) =] =]
© 'I' © o© el
<
10 i~ 10 10
1 1 1 1 1 1 1 1 1
0 0.1 02 0 01 02 03 0 01 02 03 04, 0 0.2 04
Itt | [(Gevic)’] Itt | [(Gevic)’] Itt | [(Gevic)] Itt | [(Gevic)]
Ko T T T Ko T T T T Ko I T T T T Ko T T
- E~1.25-1.3GeV {5 L E~13-135GeV {5 E,~1.35-14GeV {5 E,=1.4-1.45 GeV
= > " > >
o] (o) o) [
g g g L
3 3 3 3
=10 =10 =10 =10
5 e E 5 5
-8 8 L' <o S % %
N e + =
A
1 1 1 1 1 1 1 1 1 1 1
0 02 04 06 0 02 04 06 08 0 02 04 06 08 0 0.5 1
Itt | [(Gevic)’] Itt | [(Gevic)’] Itt | [(Gevic)’] Itt | [(Gevic)]
—_— T T —_— T T — T T — T T
Ry E,~145-1.5GeV |5 E,~15-155GeV [% E,~1.55-1.6 GeV |5 b E,=1.6-1.65 GeV
> > > >
[} [0 [0} ]
g g g g
g10 g10 FIERY g10
5 5 5 3
3 3 o 3 3
1 {1 1f 1 1 1
1 1 1 1 1 1 1 1 1
0 0.5 1 0 0.5 1 0 0.5 T 0 0.5 1 15
Itt | 1(Gevic)’] Itt | [(Gevic)’] It | [(Gevic)’] Itt | [(Gevic)]
— N T T T — T T T — N T T T ol i T T T T
D E~165-1.7GeV %G N E~17-18Gev |G K E~l819Gev  I5 | E,=1.9-2.0 GeV
= > > >
[} [0 [0} ]
e e 22 22
3 10 3 10 = 10 = 10
= = = =
5 5 5 5
o) o) =] <]
© © © ©
1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 ’-p-
0 0.5 1 15 0 0.5 1 15 0 05 1 15 0 05 1 15 2
Itt | 1(Gevic)’] Itt | [(Gevic)’] Itt | [(Gevic)] Itt | [(Gevic)]

Figure 6.3: Differential cross-sections of w mesons produced off the free proton versus the momen-
tum transfer to the nucleon, t. The results of this work from the exclusive analysis
(blue diamonds) and from the inclusive analysis (green stars) are compared to re-
sults from SAPHIR (open circles)[18]. The lines are fits to the CBELSA/TAPS data
(solid) and SAPHIR data (dashed) according to eq. 6.2.
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Figure 6.4: Slope parameter (left) and horizontal level (right) from function 6.2 that were fit to
the t-scaled differential cross-sections for w photoproduction off the free proton in
fig. 6.3. The result of this thesis for the exclusive analysis (blue diamonds), for the
inclusive analysis (green stars) are compared to SAPHIR data (open circles). The
slope parameter for SAPHIRs data determined from the fit in fig. 6.3 (black open
circles) and the values published in [18] (red open circles).

The t-scaled differential cross-sections in fig. 6.3 were fitted with eq. 6.2 and the param-
eters a and c of the fits are shown in fig. 6.4. For the slope parameter from the SAPHIR
data two different values are drawn, the slope obtained from the fits in fig. 6.1 and the
values published by SAPHIR [18]. The latter values were obtained by an exponential fit
in the small momentum transfer region. For this fit there is no clear definition of where
the fit region ends though. A better choice is to use the slope in the function 6.2 and to be
consistent, the comparison should be done to that slope. Figure 6.4 (left) shows that the
slopes from the different analysis methods (exclusive and inclusive) are generally in good
agreement. In view of the uncertainty of determining the slope, seen by the difference
in the slopes obtained from the SAPHIR data using different fits, they can be said to
also agree with the SAPHIR data. At energies £, > 1.5 GeV the inclusive analysis gives
somewhat steeper slopes than the exclusive analysis. In this energy region, the differential
cross-section for the most forward-going w mesons, 0.9 < cos(#¥,,) < 1.0, could not be
determined in the exclusive analysis due to vanishing proton acceptance. In this region,
an extrapolation had to be used which could explain the discrepancy in slopes.
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Figure 6.5: Differential cross-sections do/d cos(6%,, ) of w mesons produced off the bound proton
(open squares) compared to off the free proton (blue diamonds).

The horizontal level in do/dt, which is related to the w meson production via resonances,
can be seen to be in good agreement with the previously published data. Ounly for F., >
1.6 GeV the horizontal level lies slightly above the SAPHIR data. In this region also the
CLAS data was seen to lie above the SAPHIR data (for that comparison see fig. 1.4).
The present data comes close to the CLAS data in this region.

The differential cross-section off the bound proton do/dcos(6¥,,) is shown in fig. 6.5

in comparison to the previous result off the free proton. The differential cross-sections
were scaled with the momentum transfer to the nucleon, ¢. The resulting do/dt can be
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Figure 6.6: Differential cross-section versus the momentum transfer to the nucleon for w mesons
produced off the bound proton (open squares) and for w mesons produced off the
free proton (blue diamonds). The curves are fits to the data according to eq. 6.2.

seen in fig. 6.6, where it is compared to the differential cross-section off the free proton.
Both figures show that in the low energy region, where production via resonances makes
a substantial contribution to the cross-section, the differential cross-section off the bound
proton lies below the one off the free proton. At higher incident beam energies the differ-
ential cross-sections off bound and off free protons come close to each other.

The differential cross-sections do/d cos(6%,, ) and do/dt for w production off the free pro-
ton and off the bound proton are listed in tables in appendices I and J.1, respectively.
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Figure 6.7: Left: slope parameter and right: horizontal level from the fit of eq. 6.2 to do/dt for
w mesons produced off the bound proton (open squares) and for w mesons produced
off the free proton (blue diamonds).

The parameters of the fits (eq. 6.2) to the differential cross-sections do/dt shown in fig.
6.7 confirm that at higher energies (E, > 1.4 GeV) the bound proton becomes quasi-free
and the production mechanism is almost the same as off a free proton giving equal slopes
and horizontal levels.

At low energies the proton-neutron interaction becomes particularly relevant. In this
energy region the exponential slope is difficult to determine because of the strong reso-
nance contributions. The horizontal levels in this energy region indicate stronger resonance
contribution for w production off the free proton compared to off the bound proton. This
can partly be explained by a smearing due to the Fermi motion of a bound proton. For
a comparison of the total cross-sections together with the cross-section off the free proton
folded with Fermi motion, see fig. 6.15.

6.1.2. The quasi-free production off the bound neutron

The differential cross-sections off the bound neutron are shown in fig. 6.8 as a function of
cos(0¥,,) and in fig. 6.9 as a function of the momentum transfer to the nucleon do/dt.
In both figures the differential cross-section off the bound neutron is compared to the
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Figure 6.8: Differential cross-sections do/d cos(6%,,, ) of w mesons produced off the bound neutron
(red triangles) compared to off the bound proton (open squares).

differential cross-section off the bound proton. Both figures show that the differential
cross-section off the bound neutron is larger than that off the bound proton. For incident
beam energies £, > 1.6 GeV the difference in the differential cross-sections off protons
and off neutrons becomes smaller. For a comparison of the total cross-sections off the
bound neutron to that off the bound proton see fig. 6.16.

The differential cross-sections do /dt were fitted with eq. 6.2 and the parameters of the fits

are shown in fig. 6.10. The exponential slopes (left), which characterize the t-channel ex-
change, can be seen to agree within the precision of determination for w mesons produced

153



6. Results

do/dt [ub/(GeVic)]
B
o

=

[y

T T T ] T T a T T T T T T
E=11512GeV | @ E=12123GeV | @ E,=123-125GeV | & E,=1.25-1.3 GeV
% % ?
10 2 10} C10 )
= e 5 e
3 3 3 0
) [e} o)
© © 1 = 4 T l - o

0.2

04 06

00— 02 03 04 110 0.2 04 105 02 04 06 1007
2- 2- 2- 2-
N0 It [(Gevioy | (Gevicy] et [ (GeVioy]
D E=13135GeV |G E=13514GeV | E=1415GeV |G E,=1.5-1.6 GeV
> > > >
(] (] () []
10k 210 210 210
Ke) Ke) Ke) Ko}
= = = =
B B 3 B
<} <} =) [}
3 1 43 1fF 3 a1 413 1
-1 1 1 1 1 -1 1 1 1 1 -1 1 1 -1 1 1
Yo 0z 04 06 o8 'Y0 0z 04 065 0s_ %0 05 1 1% 05 T
ltt | [(GeVrcy] ltt | [(GeVicy] ltt | [(GeVicy] It | [(Gevicy]
— T T P T — T « T — T « T T T T
5 E~16-17GeV |G E~17-18GeV |G E,~18-19GeV | T E,=1.9-2.0 GeV
> > > >
Jo) [ [} []
g S10 1S S10
Q o) o) e}
= = = =
5 5 5 5
5 5 s 5
S B 1 k<) T 1

Il—l

0.5

1 l.l5
2-
It | [(GeVrcy]

1
0.5 1 15
2-
It | [(GeVrcy]

1
15

0.5 1
2-
ltt | [(GeVicy]

Il
1 15 2
2.
|t—tmm| [(GeV/c)T]

Figure 6.9: Differential cross-section versus the momentum transfer to the nucleon for w mesons
produced off the bound proton (open squares) and for w mesons produced off the
bound neutron (red triangles). The curves are fits to the data according to eq. 6.2.

off the bound neutron and off the bound proton. The comparison of the horizontal levels
(right) show stronger resonance contribution for w meson production off the neutron than
for the production off the proton for incident beam energies £, < 1.4 GeV. At higher
incident beam energies both slopes and horizontal levels become identical, indicating a

production mechanism independent of isospin.

The differential cross-sections do/dcos(0%,, ) and do/dt for w production off the neutron

are listed in tables in appendix J.2.
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Figure 6.10: Left: slope parameter and right: horizontal level from the fit of eq. 6.2 to do/dt for
w mesons produced off the bound proton (open squares) and off the bound neutron
(red triangles).

6.1.3. The quasi-free inclusive production off LD,

The differential cross-sections for the quasi-free inclusive production were calculated with
two different methods for the efficiency correction, as discussed in sect. 5.12. Figure
6.11 shows that the two different methods are in good agreement. However, integration of
the fits showed a slight discrepancy which reflects the systematic error in the w acceptance.

The mean values for the differential cross-sections from the two methods were calculated
and scaled with the momentum transfer to the nucleon. The resulting do/dt are shown in
fig. 6.12 together with the sum of the two exclusive differential cross-sections, d(% + dg—t”.
This comparison was made in order to check the validity of the cross-sections determined
by the exclusive analysis. The sum of the two exclusive cross-sections should not exceed
the inclusive cross-section. As shown in fig. 6.12 the sum agrees with the inclusive cross-
section, within errors. Only for incident beam energies E, > 1.6 GeV a slight discrepancy
in the exponential slopes for small momentum transfers is seen. For the lowest point in
t a reliable neutron identification was not ensured, thus the exclusive differential cross-
sections had to be extrapolated, which could possibly explain the observed discrepancy.
For the effect of this discrepancy on the total cross-sections, see fig. 6.17.
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Figure 6.11: Differential cross-sections, do/d cos(6%,, ) versus cos(0% . ), of w mesons determined
with inclusive analysis off LD, for different bins of incident beam energy, E using
the grid acceptance (green circles) and using the phase space simulated acceptances
(blue stars).

The inclusive differential cross-sections do/dcos(0%,,) and do/dt for w production off

LD, are listed in tables in appendix J.3.

6.1.4. Comparison to a coupled-channel calculation

Figure 6.13 shows the differential cross-sections determined by exclusive analysis off the
free proton, bound proton and bound neutron compared to a coupled-channel calculation
performed by Vitaly Shklyar [48] for w mesons produced off the free proton and off the free
neutron for four bins of incident beam energy. For the lowest bin (E, = 1.1-1.15 MeV),
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Figure 6.12: Differential cross-section versus the momentum transfer to the nucleon for the quasi-
free inclusive channel off deuterium (green circles) compared to the sum of the two
exclusive production channels, o5 /dt 4 b4 /dt, (purple crosses).

reasonable fits to the 7 invariant mass spectra was not possible, hence no data is shown
in this bin. It can be seen that the calculation yields a much larger cross-sections for w
mesons off the free neutron than off the free proton for all incident beam energies. In the
incident beam energy range 1.25-1.3 GeV a the data off the free proton comes close to
the calculation. In this energy bin the differential cross-section off the bound proton lies
below the calculation and the data off the free proton. The differential cross-section off
the bound neutron is larger than that off the bound proton, however, not with the same

magnitude as is seen for the calculation.

At higher incident beam energies the data for all three reaction channels come close to
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Figure 6.13: Differential cross-sections do/d cos(6%,,, ) for w mesons produced off the free proton
(blue diamonds), off the bound proton (open squares) and off the bound neutron
(red triangles) compared to coupled-channel calculations off the free proton (black

dashed) and the free neutron (red dashed)

each other showing a slightly lower contribution in the resonance dominated region (w

mesons going backward in the c.m.-system) and in the region where the w mesons goes

forward in the c.m.-system the data lie above the calculation off the free proton. The

differential cross-section obtained from calculation off the free neutron is much larger than

the data. But, it is important to note that the calculation is very crude (no neutron data

is entered) and the fact that the neutron and proton are bound within a nucleus is not

taken into account.
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Figure 6.14: Total cross-section as a function of the incident photon energy for w mesons pro-
duced off the free proton. The results of this work for the exclusive analysis (blue
diamonds) and for the inclusive analysis (green stars) are compared to results from
SAPHIR (open circles) [18]. The systematic errors of the present analysis which
affect the overall normalization are shown as bar histogram. The bands indicate
the systematic errors in the data analysis.

A comparison of the total cross-sections off the bound proton and off the bound neutron
to the calculation is shown in fig. 6.16.

6.2. Total cross-sections

The total cross-sections were obtained by integration of the fits to the t-scaled differential
cross-sections from 0 to |tz — tmin|- The values of the total cross-sections are listed in
appendix K. The statistical errors were calculated using the Gaussian propagation rule
described in appendix A.2. The sources of systematic errors are described in appendix
A.3.
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Figure 6.15: Total cross-sections as a function of the incident photon energy for w mesons pro-
duced off the free proton from exclusive analysis (blue diamonds) and off the bound
proton (open squares). Folding the cross-section off the free proton, fitted by the
solid blue curve, with the Fermi motion of nucleons in deuterium leads to the dashed
black curve.

6.2.1. The cross-section off the free and bound proton

The total cross-sections for w mesons produced off the free proton from the inclusive and
exclusive analyses were obtained by integration of the fits in fig. 6.3. They are shown in fig.
6.14 together with data from SAPHIR [18] (the CLAS collaboration has not published any
total cross-sections since they had a limited angular coverage). For incident beam energies
E, < 1.3 GeV agreement is found between the present data and the SAPHIR data, within
the systematic errors. However, at higher incident beam energies the total cross-sections
from the exclusive analysis lies generally 1-2 ub above the data published by SAPHIR. For
incident beam energies F, > 1.7 GeV the cross-section from the inclusive analysis tend
to be larger than the exclusive cross-section by ~10%. This difference is attributed to the
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6.2. Total cross-sections

extrapolation of the fits in the small momentum transfer region, which was necessary for
the exclusive analysis. Within the systematic errors quoted, the inclusive and exclusive
cross-sections are in agreement.

The cross-section of w mesons produced off the bound proton was obtained by integration
of the differential cross-sections depicted in fig. 6.6. It is shown in fig. 6.15 in comparison
to the previous result of w mesons produced off the free proton. It can be seen that the
resonance peak observed in the free proton case is hardly visible in the bound proton case.
In order to see if this feature could be explained by the Fermi motion of the bound proton,
the free proton data was fitted (with the restriction that ¢ = 0 under the production
threshold £, < 1108 MeV) and folded with the Fermi motion of nucleons in deuterium.
This indeed shows a smearing of the resonance peak, however, not enough to account for
the difference in cross-sections which amounts to ~30%. The folding was done statistically
by recalculating the initial state energy using impulse approximation (described in sect.
2.4) where the target proton was given a randomly generated momentum from the Fermi
distribution for a nucleon in the deuteron. The code for this folding with the Fermi motion
was written by Igal Jaegle [50].

6.2.2. The quasi-free cross-section off the bound neutron

Figure 6.16 shows the total cross-sections of w mesons produced off the bound neutron
and off the bound proton obtained by integration of the fits in fig. 6.9. The cross-section
off the bound neutron is clearly larger than that off the bound proton in the low energy
region. At higher energies they become almost equal. The dashed lines in the figure are
coupled channel calculations performed by Vitaly Shklyar [48] of the cross-sections of w
mesons produced off the free neutron and off the free proton. It is a crude calculation with
parameters adjusted to reproduce the SAPHIR data but without fitting to any neutron
data. The effect of the Fermi motion was also not included. Still, it illustrates that due
to isospin differences, leading to interference effects on the amplitude level, a larger cross-
section is obtained for w mesons produced off neutrons compared to off protons. The
difference in cross-sections from this calculation is, however, larger than the one observed
in the CB-ELSA data. The ratio of the cross-sections o, /0, is shown in fig. 6.18 and
discussed in sect. 6.2.3.

6.2.3. The quasi-free inclusive cross-section off LD,

The quasi-free inclusive cross-section was obtained by integration of the fits in fig. 6.12.
Figure 6.17 shows that the inclusive cross-section agrees, within errors, with the the sum
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Figure 6.16: Total cross-section as a function of the incident photon energy for w mesons pro-
duced off the bound neutron (red triangles) compared to the total cross-section for
w mesons produced off the bound proton (open squares). The dashed curves are
coupled-channel calculations of the cross-section of w mesons produced off the free

proton (black) and off the free neutron (red) performed by Vitaly Shklyar [48].

of the angle integrated cross-sections for exclusive w production off the bound proton and
bound neutron, o, + 0,,. For energies F, > 1.6 GeV the inclusive cross-section is slightly
larger than the sum of the two exclusive cross-sections. This difference may be due to the
extrapolation of the differential cross-section at low momentum for the exclusive analyses.

An alternative determination of the the cross-section off the neutron was made by sub-

tracting the cross-section off the bound proton from the inclusive cross-section, i.e.

indirect
n = Oincl — Op - (63)

The resulting cross-section, which is independent of the neutron detection efficiency, is also
shown in fig. 6.17. This cross-section is seen to be larger than the cross-section off the
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6.2. Total cross-sections

bound proton, consistent with the exclusively determined cross-section off the neutron.
The difference in the two determinations of the production cross-section off the bound
neutron mainly reflects the systematic error in the neutron identification.

In order to quantify how much larger the cross-section off the neutron is than the cross-
section off the proton the ratio , 0,/0, was calculated, see fig. 6.18, for the indirect
determination and for the direct (exclusive) measurement. For incident beam energies 1.2
GeV <E, < 1.6 GeV the average ratio is < ¢,/0, >~1.3. For incident beam energies
E, > 1.6 GeV the ratio from the indirect measurement is ~1.4 whereas the ratio from the
direct determination decreases to ~1.1 at 2.0 GeV. This difference is within the systematic
errors quoted for the cross-section determinations.

Figure 6.18 also shows the ratio of the cross-sections from the coupled channel calcu-
lations which were shown in fig. 6.16. They yield a ratio < o,/0, >~ 2.3 in the range
from threshold up to 1.8 GeV. This is clearly larger than what was observed in the data.
Still, it shows that there exist theoretical models that predict a larger cross-section for w
mesons produced off neutrons compared to the production off protons.
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Figure 6.17: Total cross-section as a function of the incident photon energy for w mesons pro-
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duced off the bound proton (open squares) and off the bound neutron (red trian-
gles), the sum of the two exclusive cross-sections Ug"“”d + gbeund (purple crosses),
the quasi-free inclusive cross-section o;,q (green circles) and the cross-section off
the neutron calculated by 0,0 — Ug"“"d (black circles). The systematic errors which
affect the overall normalization are shown as bar histograms. The bands indicate

the systematic errors in the data analysis.



6.2. Total cross-sections
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Figure 6.18: The ratio of the total cross-section for an w meson produced off a bound neutron
to the total cross-section for an w meson produced off a bound proton, o, /0, for
the exclusive analysis (red triangles) and the ratio from the indirectly determined
neutron cross-section using the inclusive analysis (black circles). The dashed curve
show the ratio o, /o, for a coupled channel calculation.
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7. Conclusions

7.1. w photoproduction off the free and bound proton

The differential cross-section off the free proton was determined through both exclusive
and inclusive analyses and the results generally agree quite well. The inclusive analysis
gives somewhat higher values, in particular the exponential slope is slightly steeper than
that for the exclusive analysis in the region for small momentum transfer to the nucleus.
The exponential rise in this region is characteristic of the t-channel exchange process. In
the region where 0.9 < cos(6¥,,) < 1.0 the differential cross-section for incident beam
energies £, > 1500 MeV could not be determined due to vanishing proton acceptance.
Hence, extrapolation had to be used in this region which could explain this discrepancy.
The total cross-section obtained from the inclusive analysis were found to be ~10% higher
than the cross-sections obtained from the exclusive analysis in this high energy region.
This discrepancy is within the quoted systematic errors.

Comparison to data by SAPHIR [18] and CLAS [19] on the w photoproduction off the
free proton shows a slight disagreement in the small momentum transfer region, where
the differential cross-sections from this work lie above the previously published data. This

gives total cross-sections that were on average 30% higher at an incident beam energy of
2.0 GeV than the cross-sections published by SAPHIR.

The cross-section off the bound proton is smaller than the one off the free proton. In the
resonance peak region of ~1.3 GeV incident beam energy the cross-section off the bound
proton is =~ 6.5 ub. The discrepancy to the cross-section off the free proton amounts to
~30%. This difference cannot be attributed to a mere smearing due to the Fermi motion,
showing that at energies close to the production threshold the interaction with the neutron
plays a role. Only at higher energies the w meson production cross-section off the bound

proton comes close to that off the free proton.

The average cross-sections off the bound proton is 6.6+0.1 pb in the incident photon
energy range 1.2-2.0 GeV with a systematic error of ~15-20%.
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7.2. w photoproduction off the bound neutron

7.2. w photoproduction off the bound neutron

The determination of the w photoproduction cross-section off the neutron proved to be a
difficult matter. Corrections had to be made due to mis-identification of the neutron. In
order to avoid the uncertainty originating from the neutron detection this cross-section

was also determined indirectly by subtracting the cross-section off the bound proton from

indirect

the inclusive quasi-free cross-section, o},

= Ojnel — Op. In this way the neutron accep-

tance does not enter.

Both determinations yield a cross-section off the bound neutron which is larger than that
off the bound proton. For photon energies 1.2-1.6 GeV the ratio is < 0, /0, >~ 1.3. In
this energy region the excitation and decay of nucleon resonances play a dominant role.
A stronger resonance contribution to the cross-section for w production off the bound
neutron compared to that off the bound proton is observed. At higher energies E., >
1.7 GeV the cross-sections come close to each other, indicating production mechanisms
independent of isospin.

The average cross-section off the bound neutron is 8.44+0.2 ub in the incident photon
energy range 1.2-2.0 GeV. The systematic error was estimated to ~20-35%.

7.3. Comparison to calculations

The cross-sections of this work were compared to coupled-channel calculations [48] of the
w production off the free proton and off the free neutron. The calculated cross-sections
were much larger than the ones observed off the bound proton and bound neutron in this
work. This is not surprising, though, since the calculation used the cross-section off the
free proton as input and - as already stated - the cross-sections off the bound proton were
seen to be lower by ~30% than the ones off the free proton. For this reason a comparison
of the o, /0p-ratio is a better choice. The coupled-channel calculation yields an average
value of the ratio < 0,/0, >~ 2.3 in the range from the production threshold up to 1.8
GeV. This is larger than what was observed in the data. However, it is important to note
that the calculation is crude, since it did not take any of the available neutron data into
account. Still, it shows that there exist theoretical models that predict a larger cross-
section for w mesons produced off neutrons compared to that off protons, as observed

experimentally in this thesis.

It is hoped that the present work will motivate further theoretical studies, for a deeper
understanding of the production mechanisms of the w meson.
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A. Error Estimation

A.1. Statistical error

The statistical error, Ao g, was estimated to be the square root of signal and background

in the 30 region around the w peak in the 7%y invariant mass spectra, i.e.

Aastat =V S + B. (Al)

A.2. Gaussian error propagation

The t-scaled differential cross-sections %—‘;(\t — tmin|) in this thesis were fitted with the

function

f(x) =a+ exp(b+ cx) (A.2)

where x = |t — t,in|. The total cross-section is obtained from the integral of the fit
1
F(z) = ax + — exp(b + cx) (A.3)
c

and the area A under the fit is then

At At 1 1
A= f(z)dz = [F(a:)] . aAt + —exp(b+ cAt) — —expb, (A.4)
0 C C
where At = |tjazr — tmin]- The error of the area AA, where A = g(a,b,c), can be
approximated by the Gaussian error propagation rule

0A 2 0A 2 0A 2
Adw V (Fede) +(Gpa0) +(Goae) + (A-5)
0A 0A 0A 0A 0A 0A
2(Covla, )5, 5+ Covla, )G, 50 +Covlb. A Zr50) (A.6)

where Cov(a, b) is the covariance between a and b describing the correlation between the
variables. The covariance is positive if the variables vary together and negative if they
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A.3. Systematic uncertainties

vary in opposite directions. If the variables are uncorrelated (which is not the case here)
the covariance is zero. Partial integration of eq. A.4 gives

A
g_a = At, (A.7)
0A 1
% = z<exp(b + cAt) — exp(b)) (A.8)
and 94 A b
_ t 1 exp
o =eRb+ AN (T - )+ (4.9)

Aa,Ab and Ac are the errors of the corresponding variables.

A.3. Systematic uncertainties

Systematic uncertainties which affect the overall normalization of the cross-sections have
been estimated to ~10% [51]. This uncertainty stems mainly from the photon flux de-
termination. The uncertainty of the target thickness is comparably small (few percent)
and the uncertainty of the decay branching ratio is negligible. This type of systematic
uncertainty cancels out when comparing the cross-section off the bound proton with the
one off the bound neutron.

Comparison between the two different methods used to determine the inclusive cross-
sections indicate a ~6% systematic uncertainty arising from the w acceptance. Systematic
uncertainties from fits and analysis cuts were estimated to be in the range ~5-10% giving
a total systematic error of ~10-15% for the w meson reconstruction.

The extrapolation needed in the exclusive analyses in the small momentum transfer region
for incident beam energies £, < 1.5 GeV also introduced a systematic uncertainty. Delib-
erately removing the most forward point (small ¢) in the inclusive differential cross-section
and using extrapolation showed that the systematic error introduced was at most 10%.
For incident beam energies £, > 1.7 GeV the cross-section obtained by extrapolation was
10% lower than the one where the full angular range was used.

In addition, the systematic uncertainty due to the use of the exponential fit to the dif-

ferential cross-section (integral of which gave the total cross-section) was estimated to be
~5% in the full incident beam energy range.
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A. Error Estimation

Apart from incident photon energies near the production threshold the systematic un-
certainty of the proton detection, derived from the comparison between the inclusive and
exclusive cross-sections off the free proton target, is &~10-15%. The comparison between
the cross-section off the neutron from the exclusive analysis and calculated by subtraction
of the cross-section off the proton from the inclusive cross-section (see fig. 6.17) indicate
a systematic uncertainty of the neutron detection of ~10-30%.

Table A.1 summarizes the sources of systematic errors. They add up to a total sys-
tematic uncertainty averaged for all incident beam energies of ~15-20% and ~20-35% in
the cross-section determination off protons and neutrons, respectively. The systematic un-
certainties related to the data analysis and the overall normalization are shown separately

as bands and bar histograms, respectively, in fig. 6.14 and 6.17.

Table A.1: Sources of systematic errors.

Source ~vd — wp(n) vd — wn(p)
Analysis:
Signal fits and cuts ~5-10% ~5-10%
Exponential fits ~5% ~5%
Extrapolation (E, > 1.5 GeV) <10% <10%
w acceptance ~6% ~6%
Recoil nucleon detection ~5-10% ~10-30%
Overall normalization ~10% ~10%
Total ~15-20%  ~20-35%
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B. Kinematics Calculation

Here follows a calculation of the maximum angle allowed by relativistic kinematics for the
outgoing neutron in the w meson photoproduction reaction, both for the assumption that
the neutron in the target is at rest and for the case when the target neutron is moving
with a certain momentum.

B.1. Target neutron at rest

The invariant mass, s, for a photon beam hitting a neutron at rest is given by

s =m?2 +2E,m,, (B.1)

where m,, is the neutron mass and E, is the energy of the incident beam photon.

E
m=_—1 B.2
b E, +m, (B.2)
1
Y= —— (B.3)

Vi- 5

The momenta in the center-of-mass system for the outgoing particles are

‘pzm’ — ’pim — \/(5 — (mn + mw;i/)és — (mn — mw)Q) . (B.4)

Using equations B.2, B.3 and B.4 the energy of the neutron in the lab-system E!% can be
calculated as
Eflab _ ,chﬁcmEzm _ ,chﬂcm m% 4 (p%m)Q ) (B5)

The kinematics can be illustrated as in fig. B.1, where the circle describes the cm-system
and the ellipse the lab-system. The maximum 6 angle allowed for the outgoing neutron

6™ corresponds to a minimum momentum transferred to the neutron p”", where
P = AT (ET ST — ). (.6)
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B. Kinematics Calculation

Figure B.1: An illustration of the relativistic kinematics. The circle represents the cm-system
and the ellipse the lab-system.

max
0

From fig. B.2 the maximum € angle for the neutron can be calculated. An ellipse is

described by

z Y
) + i 1, (B.7)
which gives
y = % a? — x? (B.8)
and
d —xb
A — (B.9)

dr  ava® — 22
The coordinates (x,y) of a point on the ellipse connected by a straight line tangent to the

ellipse to the point (A,0), where A:EibabzvﬂEflm, can be calculated to be

(B.10)

a2
y="by/1- 7. (B.11)

Then the maximum # angle of the neutron is given by

| ],

and

max
On

e arctan TE— (B.12)

= arctan

where a = y“"p“™ and b = |p&"|, as can be seen in fig. B.1.
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B.2. Target neutron in motion

Figure B.2: The maximum 6 angle for the outgoing neutron, §;**, allowed by kinematics can
be calculated using this figure.

B.2. Target neutron in motion

Taking into account that a bound nucleon is not at rest but has some momentum, the
so-called Fermi momentum p, the calculation in the previous section has to be somewhat
altered. Now the invariant mass is given by

s=m> + 2E.E, — 2pip}, (B.13)

where F, is the energy of a neutron bound in deuterium

En:md—,/ml%—kp?f, (B.14)

where mg and m,, is the mass of deuterium and proton, respectively. The mass of the
neutron is no longer considered to be constant but rather has to be calculated by

my =/ E2 —p?f. (B.15)

n

The maximum s and consequently the maximum 6 angle of the scattered neutron is ob-
tained when py is directed opposite to the beam, which gives

s =m2 +2E,E, +2E,p; . (B.16)

When introducing a momentum of the target neutron eq. B.2 will be modified into

_ Ey+py

o= . B.17
o= (B.17)

The equations B.3 to B.12 remain the same and the maximum 6 angle of the scattered
neutron is calculated as described in the previous section.
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C. t-scaling

Contributions to the differential cross-section by the t-channel exchange process can be
seen as a strong rise in the differential cross-section at angles when the w meson is going
forward. The so-called t-scaling is then a better way of visualizing the differential cross-

section by transforming dsgs 7 into C(li—‘;, where t is the momentum transfer to the target.

This differential cross-section is then plotted against |t — .|, the difference between the
actual momentum transfer and minimum momentum transfer allowed by the kinemat-
ics. The four-momentum transfer can range between t,,;, and t,,,:, which for w mesons

produced by vp is given by

2 2 2 2\2 2
Eomins tona = [m—i] - [S_mp Fy O Tl (C.1)
9 2\/5 w 9 .

2/s 4s

where s = mg +2mpE, and t,,;,, corresponds to forward and ¢,,,, to backward production

of the w meson. The momentum transfer is given by

S—m2

t = tmin — . d \/(s — (Mg +mp)?) x \/(s — (my — my)?) sin? HCTm ) (C.2)

where 6., is the emission angle of the w meson in the center-of-mass system. The differ-
ential cross-section do/d(cos8.p,) is related to do/dt by

do do dt

m = Em . (C.3)
On differentiating eq. C.2 one obtains
ST Gl IV et e e SO
d(cos Ocm) 2s
Inserting that into eq. C gives
do _ 2s do (C.5)

At (s —m2) /(s — (me + mp)2)(5 — (me — my)?) d(cos om)

For small momentum transfers, corresponding to the region where the t-channel exchange
is dominant, the differential cross-section can be fitted with a first order exponential. At
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larger momentum transfers other phenomena, like s-channel resonances, dominate and the
exponential behavior cannot be seen. Instead, in this region the differential cross-section
is nearly constant, thus the fit function chosen to describe the t-dependent differential

cross-section was

do
dt

where the slope parameter c is negative.

(It = tmin|) = a + exp(b+ ¢ [t = tminl) , (C.6)
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D. Fits for LH, exclusive analysis

Here, all the fits to the 7% invariant mass spectra that were used to determine the
cross-sections for w photoproduction off the free proton are shown. The w signals after

background subtraction are also shown. The parameters of each fit with the function
_ (@=pg)?
f(x) = pa(z — po)P* (x — p2)P* + pse 7 are listed. The number of w mesons for

each angular and incident beam energy bin, N, the statistical error and the signal-to-
background ratio are given. The upper left spectra in each figure show the sum of all
angular bins for the respective incident beam energy bin, -1.0< cos(#¥,,) <1.0. In the
lower right figure the sum of w mesons obtained from the fits in each angular bin is shown,
Nz Due to an acceptance hole for protons, the 0.9< cos(6¥,,) <1.0 bin could not be
used for incident beam energies £, > 1550 MeV.
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Figure D.8: Fits to the 7%y invariant mass spectra for the
1400-1450 MeV.
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Figure D.9: Fits to the 7’y invariant mass spectra for the cos(%,, ) angular bins with incident
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Figure D.11: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident
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Figure D.12: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident
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Figure D.13: Fits to the 7%y invariant mass spectra for the cos(6%
beam energy E,
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Figure D.14: Fits to the 7%y invariant mass spectra for the cos(6%
1700-1800 MeV.
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Figure D.15: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident
beam energy E, = 1800-1900 MeV.
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Figure D.16: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident
beam energy E, = 1900-2000 MeV.
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E. Fits for LH, inclusive analysis

Here, all the fits to the 70+ invariant mass spectra that were used to determine the inclusive
cross-sections for w photoproduction off the LHs target are shown. The w signals after

background subtraction are also shown. The parameters of each fit with the function
_ (@=pg)®
f(x) = pa(x — po)P(z — p2)P® + pse 27 are listed. The number of w mesons for

each angular and incident beam energy bin, N, the statistical error and the signal-to-
background ratio are given. The upper left spectra in each figure show the sum of all
angular bins for the respective incident beam energy bin, -1.0< cos(#¥,,) <1.0. In the
lower right figure the sum of w mesons obtained from the fits in each angular bin is shown,
Ng#m. Figure (a) shows the spectra before an efficiency correction was made and fig. (b)
shows them after an event-by-event efficiency correction with (772, , 65, )-
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E. Fits for LHy inclusive analysis

< 600 T T T X Tnar TETTE] & F T T T X7 Trndt 2T o T T % Tnar 5376727
[ I -1.0<cos6<1.0 PO 100:109 | g goF  -1.0<c0$6<-0.5 PO v -0.5<c0s6<-0.2 po 200+ 6.6
s ok ece oL tosaz0140 | S SOF p1 = pL 456240064
3 S00F 8=6cn w2 a0 g F Nousss 4 S 4 N, 103.39 4 sroi1e2
b 400:_ N.: 718.68 pa 1.618e- 05x20437el§§ 3 20F siat err: 19.43 sg 5 stat err: 18.70 ;14 9.996e- 17x93919 17
s F . 770:03 | € F . 6 < - s 770» 15
SVt ster: s v gnails | seesross 5 S sl SiB+s) 035 n et
O 300f © E ©
F F 20|
200F 20F
100F- 10f 10
C et 2 C - i N
% 200 400 600 800 1000 1200 % 700 400 600 800 1000 1200 © 200 400 600 800 1000 1200
M., [MeV] M., [MeV] M., [MeV]
S\ T T T T Xx°/ndf 79.67/32 S\ T T T T x°/ ndf 155.7/19 ;
> -0.2<c086<0.1 p0 16172153 | g 0.1<c0s6<0.4 p0 200+ 16 (5 140F 0.4<c0s6<0.6
: N T
9 N, 128.85 ssons | S F N 154.62 1 301240005 | G 120 N, 111.90
@ | staterr: 21.48 p4 1280172 1| @ ol staterr: 22.74 o R e il 100f- Staterr: 21.20
= F A s 70200 [ € OOF . p6 7001 | € .
S of SIB+9):035 b 229[5 f siesyro32 5 M SI(B+S): 0.30
(S o | ] 3 &
30F- o ] 60
20F- [ ] 40
20 —
10 [ ] 20
% 200 400 600 800 1000 1200 % 1000 1200 ® 200 400 600 800 1000 1200
M., [MeV] M., [MeV] M., [MeV]
< 200 T T T u S 5746728 | o 140p T T T T X" Tndt /T2 | o 1 T T T u B3 4323126
] [ 0.6<c0s6<0.8 PO 1 17e-09+ 2.09e+01 | g [ 0.8<cos0<0.9 po 1.816e-06 + 1.834e+01 | 0.9<c0s6<1.0 p[) g 01305 + 16.36144
2 | 1 coz 0005 |2 F | ssooor |2 | pL +0.098
8§ of Mo 13000 | 5 tsaioos | QT F  MNui78.95 | ”2 Foroile N, 72.03 | 4 T
@ 1O stat err: 20.60 | o ledlzriete | G 100F stat err: 14.81 | "4 18306072 1 157‘; g; @ loof staterr: 16.12 | V" 8918009 48720 gg
< I . p6 770+1 5 F . pB 7027 | € S/(B+S): 0.33 DS 770+ 8.
3 [ S/B+S):038 ! o7 @9i01] 3 gof- S/(B+S): 046 ! b7 33:01| 3 g s(um 8)98 2 ! 24 29204
O 100 1 © F 1 © 1
[ 1 60F 1 1
F - | 3 I
50~ 40: ]
[ 20f E
o AL E AL ] AL\
Ry 200 400 600 800 1000 1200 % 700 400 600 800 1000 1200 % 200 400 600 800 1000 1200
m,o, [MeV] Moo, [MEV] M., [MeV]

(a) Before efficiency correction

;300 T T T X" Tnar 90723 | < 60! T T ™ X Tnar T22728 | & 40 T T T X Tndr B456729
() -1.0<c0s6<1.0 0 100£15 | g -1.0<cos8<-0.5 PO 2342153 | g [ -0.5<c0s6<-0.2 PO 100+ 1.4
= 2500 Y M T b widss 00
* - . P * P

5] 5] Nof Cyig: 927.73 | p3 176120027 [ S [ NoJ/Dyig 775.4 182+ 0.004
5 654007+ 350607 35 SIB+S): 0.35 \ p4 1008264010 [ = 300~ p4 9.999€-17+ 5.471e-18
- - 743+338 | B - +S): 0. 180:05 | & [ 150+ 1.0
£2000 77001 | € 400 (B+5) 77000 | € r p6 770402
3 320:01) 3 329100 3 [ p7 £01
©1500 © 300 O 200 1 -

[ 1 ]

1000 200) r | 1

100f~ \

500 100 [ ,

N ) A ] L . L3N 1
R 200 400 600 800 1000 1200 @ 200 400 600 800 1000 1200 k¢ 200 400 600 800 1000 1200
M., [MeV] M., [MeV] M., [MeV]
; T T T T x°/ ndf 583.9/32 ; T T T T| x*/ndf 8575/35 S\ 80! T T T T x°/ndf 204.4129
[ -0.2<c0s6<0.1 4 2368x29 | 3 goof  0.1<c0s8<0.4 P [ [ 0.4<c0s6<0.6 PO 7£22
= 400p p% 2434‘0020 = 1 pl 2039»0017 = L ] pl égg;o;)zj
. 2 . 2 [ . :
5 N/ Cyrig: 773.38 p3 1550007 9 N/ Cyrig: 721.57 | p3 1767000 9 Nof Lyig: 504.72 I 5+ 0.022
= pa 2.536e-09 + 4.283e-10 | < 400 pa 1e-07+7.1e-08 | X 600~ p4 0.0004046 + 0.0000799
2 300 S/(B+S): 0.33, 133 15009 | & S/(B+S): 0.33 | p5 140:03 | & [ SI(B+S): 0.28 | 193+ 4.99
£ 6 70201 | € p6 770200 [ € + 770403
3 2oxo1] 3 400 329:00 | 3 L ! 329201
o © © 400~ 1 -

200 + \ ]

200) I 1
200~ —

100 100 L ]

9 200 400 600 801 1000 1200 % 200 400 600 800 1000 1200 % 0 1000 1200
m.p, [MeV] m,s, [MeV] M., [MeV]

80! T T T u B 2346128 - T T T T X" Tnat 1641728 | < 300 T T T % Tnar 280737
3 0.6<c0s6<0.8 PO 215 | 3 250 0.8<cos<09 PO 0:50 |3~ F 0.9<cos8<1.0 1002 0.8
2 | p1 09780+ 0.0356 | = | p1 osezeoosez (2 E | p1 0.6852+0.0172

) pz 857.4156 . p2 886.8% 10.4 - . p: 860.8+ 3.7
S N Cig7 633.65 1 120018 [ S pof Nof Chriat 33172 1 pa ass00s0 (S “F No/Chat 32691 1 056 0012
< 600~ pw 0001414 0,0000235 = p4  6.14e-053.95e-05 [ = E siB+S): 0.37 P4 0.00462+ 0.00065
2 SI(B+S): 0.41 1 252105 | 2 SI(B+S): 0.45; 1 PS5 Y535 [ 2 o00k ): 0. 1 63294604
€ | pe 45548 € | P 205 | € E(NJ/Dy) 95.13 | 6 7703+ 0.6
3 52972007 3 150 3 F oo 2,97+ 0.08
© 00~ 1 - © 1 O 150 1
! ] 100 3
] 100F
200}~ - E
1 50~ 50
AL ] E
% 200 400 600 800 1000 1200 % 200 1000 1200 % 200 400 600 800 1000 1200
M., [MeV] m,s, [MeV] M., [MeV]

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure E.1: Fits to the 7’y invariant mass spectra for the cos(6%, ) angular bins with incident

beam energy E, = 1125-1150 MeV.
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure E.2: Fits to the 7’y invariant mass spectra for the cos(6%

beam energy E, = 1150-1175 MeV.

m.) angular bins with incident
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E. Fits for LHy inclusive analysis
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure E.3: Fits to the 7’y invariant mass spectra for the cos(6%, ) angular bins with incident
beam energy E, = 1175-1200 MeV.
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Figure E.4:

beam energy E,

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Fits to the 7 invariant mass spectra for the cos(6%
1200-1250 MeV.
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E. Fits for LHy inclusive analysis
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Figure E.5: Fits to the 7’y invariant mass spectra for the cos(6%
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

1250-1300 MeV.

m.) angular bins with incident
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E. Fits for LHy inclusive analysis
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Figure E.T7:

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E, = 1350-1400 MeV.
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Fits to the 7 invariant mass spectra for the cos(6%,, ) angular bins with incident
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure E.8: Fits to the 7’y invariant mass spectra for the cos(6% . ) angular bins with incident

beam energy E, = 1400-1450 MeV.
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E. Fits for LHy inclusive analysis
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure E.9: Fits to the 7’y invariant mass spectra for the cos(6% . ) angular bins with incident

beam energy E, = 1450-1500 MeV.
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Figure E.10: Fits to the 7%y invariant mass spectra for the cos(6*

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

1500-1550 MeV.

m.) angular bins with incident
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E. Fits for LHy inclusive analysis
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Figure E.11: Fits to the 7%y invariant mass spectra for the cos(6%,,

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,
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Figure E.12: Fits to the 7%y invariant mass spectra for the cos(6%,,

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

1600-1650 MeV.

) angular bins with incident

197



E. Fits for LHy inclusive analysis
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Figure E.13: Fits to the 7%y invariant mass spectra for the cos(6%,,
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

1650-1700 MeV.

) angular bins with incident
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure E.14: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident
beam energy E, = 1700-1800 MeV.
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E. Fits for LH5 inclusive
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Figure E.15: Fits to the 7%y invariant mass spectra for the cos(6%,,
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure E.16: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident

beam energy E, = 1900-2000 MeV.
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F. Fits for LD, exclusive analysis off the
proton

Here, all the fits to the 7%y invariant mass spectra that were used to determine the
exclusive cross-sections for w photoproduction off the bound neutron are shown. The w

signals after background subtraction are also shown. The parameters of each fit with the
_ (z—pg)>
function f(z) = pa(x — po)?' (x — p2)P® + pse >  are listed. The number of w mesons

for each angular and incident beam energy bin, N, the statistical error and the signal-
to-background ratio are given. The upper left spectra in each figure show the sum of all
angular bins for the respective incident beam energy bin, -1.0< cos(6¥,,) <1.0. In the
lower right figure the sum of w mesons obtained from the fits in each angular bin is shown,

sum
Nsum,
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F. Fits for LDs exclusive analysis off the proton
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Figure F.10: Fits to the 7’y invariant mass spectra for the cos(%,, ) angular bins with incident
beam energy E, = 1708-1808 MeV.
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F. Fits for LDs exclusive analysis off the proton
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Figure F.11: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident

beam energy E., = 1808-1908 MeV.
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Figure F.12: Fits to the 7%y invariant mass spectra for the cos(%,, ) angular bins with incident
beam energy E, = 1908-2008 MeV.
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G. Fits for LD, exclusive analysis off the
neutron

Here, all the fits to the 7% invariant mass spectra that were used to determine the
exclusive cross-sections for w photoproduction off the bound neutron are shown. The w

signals after background subtraction are also shown. The parameters of each fit with the
_ (z—pg)>
function f(z) = pa(x — po)?* (x — p2)P® + pse  *»#  are listed. The number of w mesons

for each angular and incident beam energy bin, N, the statistical error and the signal-
to-background ratio are given. The upper left spectra in each figure show the sum of all
angular bins for the respective incident beam energy bin, -1.0< cos(6¥,,) <1.0. In the
lower right figure the sum of w mesons obtained from the fits in each angular bin is shown,

sum
Nsum,
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G. Fits for LDs exclusive analysis off the neutron
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Figure G.1: Fits to the 7%y invariant mass spectra for the cos(%,, ) angular bins with incident
beam energy E., = 1158-1208 MeV.
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Figure G.2: Fits to the 7%y invariant mass spectra for the cos fpc.m.* angular bins with incident
beam energy E, = 1208-1233 MeV.
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G. Fits for LDs exclusive analysis off the neutron
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Figure G.5: Fits to the 7%y invariant mass spectra for the cos(6%
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Figure G.8: Fits to the 7%y invariant mass spectra for the cos(
beam energy E, = 1508-1608 MeV.
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G. Fits for LDs exclusive analysis off the neutron
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Figure G.9: Fits to the 7%y invariant mass spectra for the cos(6%
= 1608-1708 MeV.
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Figure G.10: Fits to the 7% invariant mass spectra for the cos(6%,, ) angular bins with incident
beam energy E, = 1708-1808 MeV.
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Figure G.11: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident

beam energy E, = 1808-1908 MeV.
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Figure G.12: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident

beam energy E, = 1908-2008 MeV.
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H. Fits for LD, inclusive analysis

Here, all the fits to the 7 invariant mass spectra that were used to determine the inclusive
cross-sections for w photoproduction off the LDs target are shown. The w signals after

background subtraction are also shown. The parameters of each fit with the function
_ (@=pg)?
f(x) = pa(z — po)P (x — p2)P* + pse 7 are listed. The number of w mesons for

each angular and incident beam energy bin, N, the statistical error and the signal-to-
background ratio are given. The upper left spectra in each figure show the sum of all
angular bins for the respective incident beam energy bin, -1.0< cos(#¥,,) <1.0. In the
lower right figure the sum of w mesons obtained from the fits in each angular bin is shown,
Ng#m. Figure (a) shows the spectra before an efficiency correction was made and fig. (b)
shows them after an event-by-event efficiency correction with (772, , 65, ).
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Figure H.1: Fits to the 7%y invariant mass spectra for the cos(6%
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H. Fits for LDy inclusive analysis
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Figure H.2: Fits to the 7%y invariant mass spectra for the cos(%,, ) angular bins with incident

beam energy E, = 1208-1233 MeV.
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure H.3: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident
beam energy E, = 1233-1258 MeV.
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure H.5: Fits to the 7%y invariant mass spectra for the cos(6%,, ) angular bins with incident
beam energy E, = 1308-1358 MeV.
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure H.6: Fits to the 7%y invariant mass spectra for the cos(%,, ) angular bins with incident

beam energy E, = 1358-1408 MeV.
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Figure H.7:

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

1408-1508 MeV.

Fits to the 7% invariant mass spectra for the cos(6%

m.) angular bins with incident
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H. Fits for LDy inclusive analysis
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

Figure H.8: Fits to the 7%y invariant mass spectra for the cos(%,, ) angular bins with incident

beam energy E, = 1508-1608 MeV.
224



<3000 r r T 7] < 120 T T [T TET] o T RETES
] -1.0<cos6<1.0 PO 1497135 | g5 [ -1.0<cos6<-0.5 PO 2021101 | g 0 0F  -0.5<c0s6<-0.2 PO 286.7£ 26.0
2 p1 189520048 | 2 | p1 140220077 [ 2 | p1 1538+ 0,157
g 250 4 soos0osr |8 100 N, 201.94 | v sToms | S N, 227.98 | n L Lom0z1Lo
E 200 Nm: 11229.37 04 5.036e-09 + 1. 20:3;703 E 8 __ stat err: 30.37 l;g 1.045€-( 03‘ 6205: gg E 80| stat err: 30.85 1 D4 1.107e- 07t 920168 gg
= . p6 7751‘04 I F . 6 7728241 | € " 770£19
s stat err: 138.88 v w5 SI(B+S): 0.24 | 5 guiis f sEssrox | e Tos1e
O1s0 E o [ - © hEy N
[ ] [N
100 F | 4 49 |
E 1 ] 1 1
50 20 - 20)
F I I 1 I I
T000 1200 % 200 400 600 800 1000 1200 Q=0 400 600 800 1000 1200
M., [MeV] M, [MeV] M, [MeV]
< T T ———{ % Tnar 5929773 | < 300 T T ———{ % 7" 5354/44 < 30 T T T X7 Tnar 7537144
3 -0.2<c0s6<0.1 PO 16:223 | g F  0.1<c0s8<0.4 o 3 0.4<c0s6<0.6 n 12182321
= 1 ot zioteo1n S 1 n 2595‘0045 = 250 | n 169820150
. P . P . P
g N, 373.34 | Te5: 006 | 9 N 799.47 | o200 | S N, 934.39 | 4 e
@ stat err: 35.17 | "4 e et | ® stat err: 46.12 | M e e | B 200f Staterr: 46.66 | B L ooe OB T e
g . v 7785031 | € . 5 7620 | E . P 7742515
s SI(B+S): 0.31 il e ansaa] s SIB+S): 0.39 o e ] SI(B+S): 0.45 i f o\ Jra2eis
© E © -] © 150f [ |
E <
E 100 IO
] A
—: 50| ,
200 400 600 800 1000 1200 200 400 600 800 1000 1200 ®~ 200 400 600 800 1000 1200
M., [MeV] M., [MeV] m.s, [MeV]
s T T [ nar R S T T —T T < T T T
] 0.6<c0s6<0.8 P 1185:205 | g 0.8<c0s6<0.9 po n 0039% 31897152 | g 450l 0.9<c0s6<1.0 pm] onoassm 26, 4709516
2 | L 121420059 | 2 | +0166 | 2 | +0181
<Q N, 2043.65 | 5 P el ) N, 2175.52 | ”2 e e Nq;: 4529.76 | "2 Ee
=) : 2 = \
3 F staterr 57.71 | 0432529 0759354008 | 55 F staterr 54.78 | n4 Lease 102260510 | 5 800F  stat err: 73.31 | ;14 5.633e- 05*72590?81351
E 00 S/(B+S): 0.63 1 g? aaeeLo g sook SI(B+S): 0.74 1 ';3 7755409 § o0 S/H(E*fs)i 0.86 | ‘;3 718506
§ 300f , ; § 300f , 1 . 3 N'™: 11286.06 ) 1 5
F 1 1 F ] 1 1 4
200 200 e 400 4
E 1 E 1 E 1 1
F b V] F ] l E
100F AR 100F e 200 B
Ry 200 400 600 800 1000 1200 200 400 600 800 1000 1200 % 200 400 1000 1200
m.s, [MeV] M, [MeV] M, [MeV]
(a) Before efficiency correction
51200 T T u B 07737 | 180! T T T {3 Trar 03T & T T T X Trar 778736
-1.0<c0s6<1.0 PO 198.2:8.4 | g -1.0<c0s6<-0.5 PO 200546 | g [ -0.5<c0s6<-0.2 PO 3238+ 128
ﬁoooo 6=’ "% Higs | 2100 [ T “15125 51|z F ! "% H o 5o
- = P '+ . P S+ r . P
& em 51820028 | 9 1400f Nof Cyria 2008.3 | p3 soo00 (8 [ No/Dyig 1636.06 | 2272005
00N/ Lyig: 37785.87 b sanecd ISR | SI(B+S): 0.24 | (et 1S L SI(B+S): 0.26 1 f\|B oo ied?
Zoooo M/ s N e o | Hosios | € soo o s
3 ) 329:01] 31000 329:01] 3 [ 0
©O 6000~ E o o L
1 800 400
4000f~ e 600) L
] 400 200
2000 4 F
1 200 F
1 - J - L 1
% 200 400 600 800 1000 1200 9 200 400 600 800 1000 1200 k¢ 200 200
M., [MeV] M., [MeV]
;100 T T T T X/ ndf 574.9/37 ’>\120 T T X I'ndf 254]/33 S\ T T T T X/ ndf 243.9/38
3 -0.2<c0s8<0.1 PO 26815167 | 3 0.1<c0s6<0.4 po 3 1000 0-4<C0S6<0.6 PO 11565 184
= 1 n 144720082 | 5 1000 n 1 729 = n 061 = n 1 n 18154 0034
. P '+ - . P = . P
& 800~ Nof Ly ig: 2086.99 | p3 20084 | G N/ Cyrig: 3378.28 p3 se2ro000 | [ No/Lyig: 3341.23 | 195+ 0,043
= P4 8106e-08: 4658008 | pa 1663e-08+1215e-08 | < gool— p4 1.027¢-08 + 6.013¢-10
2 S/(B+S): 0.32 | p5 049+169 | & goof-  S/(B+S): 0.39 p5 65352176 | & I s/(B+S): 0.45 | 46,5+ 17.0
s - pg 7779213 | € p6 7772+10 | € F pG 7736+ 11
3 600 ! o 329:01] 3 b7 @:01] 2 cof ! b7 3299+0.00
o 1 © 600 © F | 1
400 B F W
] 400 Y
| 1 400 F A
| 1 F e
200 B 200 200
I 1 [ I
9 200 400 600 800 1000 1200 % 200 400 600 800 1000 1200 e 200 400 600 800 1000 1200
m.p, [MeV] m,s, [MeV] M., [MeV]
S T T T u B 632738 | 160! T T T T nar TITTIS | F T T T u B 6988752
1600 0.6<c0s6<0.8 PO 1819128 | g 0.8<c0s6<0.9 p[) 1477e 06+ 6.669¢+00 | 3 3000 0.9<c0s6<1.0 p 95,86+ 9.30
s VR St | AlE
QI00E N,/ 4t 6327.12 1 roz000 (S ) F Nof i 6482.15 1 72005 | S 2500F-Ne/ Chria® 1353956 1 140050
21200 - S/(B+S) 0.62 I 94 1.373e- UBt-’izzgl;igO% g S/(B+s) 0.75 I D4 9.493e-07 £ 5.703e-07 g E S[(B{,Ss)um087 I D: 3.185e-06 ’2;7535;;305
: E E . P i
31000f ! s00z000 | 3100 ! 5 2000E (N, /D) 38799.70 4 || 57 +01
S E| S Sk E|
800f : 800 : 1500F- : : E
= 600| E | 3
600 | E TRy E
400 | 400 1 1
|
200F I 200 E | E
% 200 400 600 1000 1200 % 1000 1200 % 200 400 600 800 1000 1200
m, [MeV] M, [MeV] m o, [MeV]

Figure H.9:

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

1608-1708 MeV.

Fits to the 7% invariant mass spectra for the cos(6%

m.) angular bins with incident
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H. Fits for LDy inclusive analysis
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Figure H.10: Fits to the 7%y invariant mass spectra for the cos(6%
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

1708-1808 MeV.

) angular bins with incident
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Figure H.11: Fits to the 7% invariant mass spectra for the cos(6%

(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)
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H. Fits for LDy inclusive analysis
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Figure H.12: Fits to the 7%y invariant mass spectra for the cos(6%
1908-2008 MeV.
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(b) After event-by-event efficiency correction with e(77%; ., 0i%s.)

beam energy E,

) angular bins with incident



. Differential Cross-sections off LH,

Here, the differential cross-sections for w mesons produced free proton and the inclusive
differential cross-section off the LHo target are listed in tables.
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1. Differential Cross-sections off LHo

I.1. Exclusive differential cross-sections off the free proton

cos(6n.)

do/dcos(07,,) [ub]

[t — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.22224+0.177379
1.4366440.190483
2.450314+0.184312
2.36636+0.179069
3.60084£0.250816
4.155744+0.280757
3.8769£0.387554

0.26278+0.582006

0.219372-0.292496
0.175497-0.219372
0.131623-0.175497
0.0877487-0.131623
0.0584991-0.0877487
0.0292496-0.0584991
0.0146248-0.0292496

0-0.0146248

8.357324+1.21287
9.82332+1.30247
16.754541.26027
16.1805£1.22442
24.6215+1.71501
28.41574+1.91973
26.50914+2.64998

35.9854+3.97959

Table I.1: The differential cross-section off the free proton for incident beam energy E. =1125-

1150 MeV.

c08(0¢m.)

do /d cos(0¢,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cosf <-0.2
-0.2< cos 8 <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

2.17355+0.171615
2.256051+0.207472
1.7242540.180338
3.6296£0.203831
4.99562+0.271914
0.52346+0.27959
5.02726+0.374174

4.27463+0.427806

0.297011-0.396014
0.237609-0.297011
0.178207-0.237609
0.118804-0.178207
0.0792029-0.118804
0.0396014-0.0792029
0.0198007-0.0396014

0-0.0198007

10.9771£0.866711
11.3938+1.0478
8.70801£0.910765
18.3306+1.02941
25.2295+1.37325
27.89524+1.41202
25.3893+1.8897

21.5883+2.16056

Table I.2: The differential cross-section off the free proton for incident beam energy E. =1150-
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L1. Exclusive differential cross-sections off the free proton

cos(6%,.)

do Jd cos (6%, ) [ub]

1t — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 6 <0.4
0.4< cos 6 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cosd <1.0

2.93293+0.215221
3.28435+0.261512
2.78728+0.225118
4.55579+0.241922
5.68846+0.313456
6.32305+0.323128
6.09628+0.495257

5.56222+0.491971

0.359213-0.478951
0.287371-0.359213
0.215528-0.287371
0.143685-0.215528
0.0957903-0.143685
0.0478951-0.0957903
0.0239476-0.0478951

0-0.0239476

12.24734+0.898718
13.71484+1.09202
11.6391£0.940046
19.024+1.01022
23.7538+1.30893
26.40374+1.34931
25.45684+2.06809

23.2267+2.05437

Table I.3: The differential cross-section off the free proton for incident beam energy E. =1175-
1200 MeV.

c0s(0¢m.)

do /d cos(0¢,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cosf <-0.2
-0.2< cos 8 <0.1
0.1< cos @ <0.4
0.4< cos @ <0.6
0.6< cos 6 <0.8
0.8< cos 6 <0.9

0.9< cos 6 <1.0

3.341184+0.170618
2.97323+0.162402
3.59274+0.168507
5.12846+0.16763
5.18672+0.195929
6.84631+0.222314
8.12007+0.34459

7.4186240.333249

0.445743-0.594324
0.356595-0.445743
0.267446-0.356595
0.178297-0.267446
0.118865-0.178297
0.0594324-0.118865
0.0297162-0.0594324

0-0.0297162

11.2436+£0.574158
10.0054£0.54651
12.090240.567054
17.2581£0.564103
17.454240.659333
23.039+0.748123
27.32544+1.1596

24.9649+1.12144

1250 MeV.

Table I.4: The differential cross-section off the free proton for incident beam energy E. =1200-
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1. Differential Cross-sections off LHo

cos(6%,.)

do/dcos(6¢,y,.) [b]

It — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos§ <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

3.65666+0.184224
3.67854+£0.192775
3.9929+0.171085
4.43645+0.170767
5.93815+0.221202
7.1847240.224467
8.66115+0.351721

10.5576+0.372063

0.549287-0.732382
0.439429-0.549287
0.329572-0.439429
0.219715-0.329572
0.146476-0.219715

0.0732382-0.146476

0.0366191-0.0732382

0-0.0366191

9.98566+0.503081
10.045440.526433
10.9039+0.467201
12.1151£0.466333
16.216+0.604061
19.620140.612978
23.65240.960484

28.8308+1.01603

Table I.5: The differential cross-section off the free proton for incident beam energy E. =1250-

1300 MeV.

c0s(0¢m.)

do /d cos(0¢,,) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cosf <-0.2
-0.2< cos 8 <0.1
0.1< cos 8 <0.4

0.4< cos 8 <0.6

3.72716+0.212776
2.88006+0.204645
3.02779£0.177687
3.85506+£0.198726

5.27889+0.28472

0.645502-0.860669
0.516401-0.645502
0.387301-0.516401
0.258201-0.387301

0.172134-0.258201

8.66108+0.494443

6.69261+£0.475549
7.035940.412905

8.95829+0.461794

12.2669+0.661625

0.6< cos <0.8 6.44615+0.27131 0.0860669-0.172134 | 14.9794+0.630463

0.8< cos# <0.9 8.93115+0.37033 | 0.0430334-0.0860669 | 20.754£0.860563

0.9< cos# <1.0 10.865+£0.412138 0-0.0430334 25.2478+0.957716

Table 1.6: The differential cross-section off the free proton for incident beam energy E. =1300-
1350 MeV.
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L1. Exclusive differential cross-sections off the free proton

cos(6%,.)

do/dcos(6¢,y,.) [b]

1t — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 6 <0.4
0.4< cos 6 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cosd <1.0

3.29301+0.228984
2.297344+0.22141
2.6147+0.200806
2.76771+0.215173
4.93713+0.311594
7.12333+0.378961
11.0595+0.552325

13.3521£0.542957

0.736561-0.982081
0.589249-0.736561
0.441937-0.589249
0.294624-0.441937

0.196416-0.294624

0.0982081-0.196416

0.0491041-0.0982081

0-0.0491041

6.70619+0.466324
4.67851£0.450899
5.3248140.40894
5.636424+0.438198
10.0544£0.634558
14.5066+0.771751
22.5226+1.1248

27.19144+1.10573

1400 MeV.

Table I.7: The differential cross-section off the free proton for incident beam energy E. =1350-

cos(0¢/m.)

do/dcos(6¥

m.) (0]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

2.2459740.280435
2.29918+0.25762
1.90688+0.248936
2.6£0.239754
4.487240.295317
6.8807140.36842
11.7284+1.31325

16.534£0.981698

0.81959-1.09279

0.655672-0.81959
0.491754-0.655672
0.327836-0.491754
0.218557-0.327836
0.109279-0.218557
0.0546393-0.109279

0-0.0546393

4.11054+0.513248
4.20792+0.471492
3.48994+0.455599
4.75848+0.438794
8.212440.540484
12.593+0.674276
21.465142.40349

30.2603+1.79669

1450 MeV.

Table I.8: The differential cross-section off the free proton for incident beam energy E. =1400-
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1. Differential Cross-sections off LHo

cos(0¢m.)

do/d cos(62,, ) [jid]

It — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos B <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

2.02240.293666
2.60083+0.285765
2.19099+0.237048
2.76976+0.233333
3.47067+£0.255256
6.29869+0.329261

9.05689+£1.80971

23.2628+2.11148

0.901073-1.20143
0.720859-0.901073
0.540644-0.720859
0.360429-0.540644
0.240286-0.360429
0.120143-0.240286
0.0600716-0.120143

0-0.0600716

3.36599+0.48886
4.32955£0.475708
3.6473+0.394609
4.61077£0.388425
5.77756+0.42492
10.4853£0.548115
15.0768+3.01259

38.7251+3.51494

Table 1.9: The differential cross-section off the free proton for incident beam energy E. =1450-

Table 1.10: The differential cross-section off the free proton for incident beam energy E. =1500-

234

1500 MeV.

cos(0¥,,)

do /d cos(6¥

m.) (1]

It — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cosf <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 0 <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 6 <0.8
0.8< cos 6 <0.9

0.9< cos 6 <1.0

2.06949+0.306222
1.12991+0.274153
2.21089+0.231619
1.9227440.194652
3.93674£0.257057
7.08631+0.308022

12.4307+£1.46408

0.980246-1.307
0.784197-0.980246
0.588148-0.784197
0.392099-0.588148
0.261399-0.392099
0.1307-0.261399
0.0653498-0.1307

0-0.0653498

3.16679+£0.468589
1.72902+0.419516
3.38316+0.35443
2.942234+0.297862
6.02411+£0.393356
10.8437+£0.471344

19.0218+2.24038

1550 MeV.




L1. Exclusive differential cross-sections off the free proton

cos(6¥,.)

do Jd cos (6%, ) [jad]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

2.59672+0.330995
1.2251840.308715
1.53892+0.237328
2.27566+0.209201
3.46667+0.256931
8.0626+£0.32182

12.187+£1.19518

1.05801-1.41068
0.846405-1.05801
0.634804-0.846405
0.423203-0.634804
0.282135-0.423203
0.141068-0.282135
0.0705338-0.141068
0-0.0705338

3.68153+0.469272
1.7370140.437684
2.181824+0.336474
3.2263410.296597
4.91491+0.364267
11.430840.456264

17.2782+1.69448

1600 MeV.

Table I.11: The differential cross-section off the free proton for incident beam energy E., =1550-

cos(0¢/m.)

do /d cos(07,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

2.38782+0.333027
1.65931£0.283791
2.3429540.25483
2.5699440.207149
2.90695+0.24678
6.86926+£0.302231

13.4319+1.18514

1.13489-1.51319
0.907912-1.13489
0.680934-0.907912
0.453956-0.680934
0.302637-0.453956
0.151319-0.302637
0.0756593-0.151319

0-0.0756593

3.15602+0.440167
2.19313+0.375091
3.09671+0.336812
3.39673+0.273792
3.84216+0.326173
9.0792+0.399463

17.7531+£1.56642

1650 MeV.

Table I1.12: The differential cross-section off the free proton for incident beam energy E., =1600-
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1. Differential Cross-sections off LHo

cos(0¢m.)

do/d cos(62,, ) [jid]

It — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos B <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.6828740.326259
1.54653+0.312451
1.86108+0.241366
1.90275£0.184656
3.33417+0.252353

7.261534+0.31543

12.3071£1.07326

1.21004-1.61339
0.968033-1.21004
0.726024-0.968033
0.484016-0.726024
0.322678-0.484016
0.161339-0.322678
0.0806694-0.161339

0-0.0806694

2.086134+0.40444
1.9171240.387323
2.30705+0.299204

2.3587£0.228905
4.13313+0.312824
9.00159+0.391016

15.256241.33044

Table 1.13: The differential cross-section off the free proton for incident beam energy E., =1650-

1700 MeV.

cos(0¥,,)

do [ cos(6%,, ) [jad]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.16547+0.229069
1.48502+0.222135
1.88757+0.20118
1.86012+0.138615
2.9150540.174708
7.6412240.226531

13.77£0.668578

1.32034-1.76045
1.05627-1.32034
0.792205-1.05627
0.528136-0.792205
0.352091-0.528136
0.176045-0.352091
0.0880227-0.176045

0-0.0880227

1.32406+0.260238
1.68709+0.252361
2.1444140.228555
2.11323+0.157476
3.31174+0.198481
8.68096+0.257355

15.6437£0.759552

Table I.14: The differential cross-section off the free proton for incident beam energy E., =1700-
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1800 MeV.




L1. Exclusive differential cross-sections off the free proton

cos(6¥,.)

do /d cos(6¥

m.) (1]

1t — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

1.4621540.228272
1.72686+0.216936
1.79722+0.196292
1.83963+0.135827
3.2496+0.168858
8.03282+0.223992

15.260340.56923

1.46786-1.95714
1.17429-1.46786
0.880714-1.17429
0.587143-0.880714
0.391429-0.587143
0.195714-0.391429
0.0978571-0.195714
0-0.0978571

1.4941740.233271
1.76467+0.221686
1.83658+0.20059
1.87991£0.138801
3.32076+0.172556
8.20872+0.228897

15.5945+0.581695

1900 MeV.

cos(0¥,,)

do /dcos(07,,) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 9 <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 6 <0.8
0.8< cos 6 <0.9

0.9< cos 6 <1.0

1.50241+0.233698
1.31859£0.204122
1.5961140.194135
1.8543940.137412
2.90798+0.169039
7.379414+0.230486

15.7562£0.58192

1.61538-2.15384
1.29231-1.61538
0.96923-1.29231
0.646153-0.96923
0.430769-0.646153
0.215384-0.430769
0.107692-0.215384

0-0.107692

1.3951+0.217006
1.2244140.189542

1.4821+0.180268
1.72194+0.127597
2.7002740.156965
6.852321+0.214023

14.6308=+0.540355

2000 MeV.

Table I.15: The differential cross-section off the free proton for incident beam energy E. =1800-

Table 1.16: The differential cross-section off the free proton for incident beam energy E., =1900-

237



1. Differential Cross-sections off LHo

1.2. Inclusive differential cross-sections off LH,

coS(0¢m.)

do/d cos(62,,) [jid]

[t — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos O <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.6546540.244867
1.5438240.265238
1.62612+0.240942
1.85938+0.237268
2.39253+0.387713
2.98595+0.405049
3.79839£0.669189

3.47689£0.670162

0.219372-0.292496
0.175497-0.219372
0.131623-0.175497
0.0877487-0.131623
0.0584991-0.0877487
0.0292496-0.0584991
0.0146248-0.0292496

0-0.0146248

11.152242.25024
11.785242.44929
11.7534+2.58903
12.7113£2.3174
14.7897+3.66152
21.195243.8491
23.0677+5.50447

23.4867£5.53265

Table 1.17: The inclusive differential cross-section off the free proton for incident beam energy

E, =1125-1150 MeV.

cos(6n.)

do /d cos(62,, ) [j)]

[t — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 6 <0.1
0.1< cos 8 <0.4
0.4< cos 0 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.97185£0.253615
2.0128740.220366
1.8481+0.222683
2.5001540.254002
3.82166+0.367064
4.074144+0.424915
3.90151+£0.568335

4.73852£0.575271

0.297011-0.396014
0.237609-0.297011
0.178207-0.237609
0.118804-0.178207
0.0792029-0.118804
0.0396014-0.0792029
0.0198007-0.0396014

0-0.0198007

9.95842+41.48403
10.1656£2.07082
9.3335+1.56704
11.8663£1.52203
19.3007£2.55943
20.57574+2.40134
19.7039£3.56694

22.6452+4.36515

Table 1.18: The inclusive differential cross-section off the free proton for incident beam energy
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E, =1150-1175 MeV.




1.2. Inclusive differential cross-sections off LHo

cos(6¥,.)

do Jd cos (6%, ) [jid]

[t — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1

0.1< cos 0 <0.4

2.8141740.299445
3.50427+0.324969
2.3115740.312763

3.57544+0.297295

0.359213-0.478951
0.287371-0.359213
0.215528-0.287371

0.143685-0.215528

11.751441.73086
14.6331£1.69067
9.65263+1.53078

14.9303£1.48556

4.47285+0.41971 0.0957903-0.143685

0.4< cos# <0.6 18.6777£2.3062

0.6< cosf <0.8 | 5.97775+0.473341 | 0.0478951-0.0957903 | 24.9618+2.07447

0.8< cosf <0.9 | 5.26409+0.718593 | 0.0239476-0.0478951 21.9817+3.387

0.9< cosf <1.0 | 5.55466+£0.808444 0-0.0239476 23.1951+3.387

Table I1.19: The inclusive differential cross-section off the free proton for incident beam energy
E, =1175-1200 MeV.

cos(6¢,,.) do /dcos(07,,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos B <-0.5
-0.5< cosf <-0.2
-0.2< cos 8 <0.1
0.1< cos @ <0.4
0.4< cos @ <0.6
0.6< cos 6 <0.8
0.8< cos 6 <0.9

0.9< cos 6 <1.0

3.35023+0.235981
3.07233£0.21392
3.4897+0.19877
4.28379+0.210792
5.04952+0.304566
6.14979+0.300864
7.48549+0.490853

6.70989+0.458986

0.445743-0.594324
0.356595-0.445743
0.267446-0.356595
0.178297-0.267446
0.118865-0.178297

0.0594324-0.118865

0.0297162-0.0594324

0-0.0297162

11.8581£0.944708
10.3389+0.774673
11.7434+0.84487
14.415640.784479
19.0545+1.19351
20.6951+1.16718
25.1899+1.7666

22.5799+1.7794

E, =1200-1250 MeV.

Table 1.20: The inclusive differential cross-section off the free proton for incident beam energy
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1. Differential Cross-sections off LHo

cos(6%,.)

do Jd cos(6%,,) [ub]

1t — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos§ <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

3.29345+0.270659
2.9523710.244723
3.317454+0.225999
4.00858+0.221791
5.3927+0.292269
6.90463+0.326133
8.48366+0.507836

10.779240.567656

0.549287-0.732382
0.439429-0.549287
0.329572-0.439429
0.219715-0.329572
0.146476-0.219715
0.0732382-0.146476
0.0366191-0.0732382

0-0.0366191

8.9938+0.728648
8.06237+£0.715864
9.05934+£0.629635
10.9467+0.613483
14.7264+0.822062
18.8553+0.872741
23.1673+1.41125

29.436+1.5665

Table I1.21: The inclusive differential cross-section off the free proton for incident beam energy

E, =1250-1300 MeV.

cos(0%,,)

do /dcos(07,,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos B <-0.5
-0.5< cos§ <-0.2
-0.2< cos 8 <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

3.28399+0.301693
2.1515+0.231202
2.61456+0.208568
3.71601+0.210057
5.40402+0.293796
6.10832+0.303975
9.60075+0.497375

13.0227£0.550056

0.645502-0.860669
0.516401-0.645502
0.387301-0.516401
0.258201-0.387301
0.172134-0.258201
0.0860669-0.172134
0.0430334-0.0860669

0-0.0430334

7.6312540.74645
4.99961+0.606812
6.07564£0.562183
8.63515£0.565428
12.5578+0.718529
14.1944+0.702686

22.31+£1.19444

30.2619+1.30038

Table 1.22: The inclusive differential cross-section off the free proton for incident beam energy
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E, =1300-1350 MeV.




1.2. Inclusive differential cross-sections off LHo

cos(6%,.)

do Jd cos(6%,,) [ub]

1t — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 6 <0.4
0.4< cos 6 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cosd <1.0

2.65773+0.319342
2.0210740.242933
2.30543+0.210726
2.61465+0.217903
4.51531+0.289427
6.21536+0.321418
11.664+0.564587

16.5075+0.606092

0.736561-0.982081
0.589249-0.736561
0.441937-0.589249
0.294624-0.441937
0.196416-0.294624
0.0982081-0.196416

0.0491041-0.0982081

0-0.0491041

5.4124440.698055
4.1158940.534614
4.69498+0.507705
5.324714+0.465279
9.1954+0.676547

12.6575+0.684377

23.7536+£1.1626

33.6174+1.24624

E., =1350-1400 MeV.

Table 1.23: The inclusive differential cross-section off the free proton for incident beam energy

cos(0¥,.)

do /dcos(0¢,y,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.77715+0.302889
1.5740240.279209
2.03539+0.241776
2.52916+0.226267
4.8627+0.316301
7.37107+£0.36078
10.7645+0.588305

16.3154£0.633431

0.81959-1.09279

0.655672-0.81959
0.491754-0.655672
0.327836-0.491754
0.218557-0.327836
0.109279-0.218557
0.0546393-0.109279

0-0.0546393

3.2525240.67422
2.88075+0.542065
3.72513+0.539278
4.62882+0.496259
8.89963+0.657942
13.4904+0.720865

19.701+£1.11718

29.8602+1.1648

E, =1400-1450 MeV.

Table 1.24: The inclusive differential cross-section off the free proton for incident beam energy
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1. Differential Cross-sections off LHo

cos(0¢m.)

do/d cos(62,, ) [jid]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.64556+0.362735
2.1531840.274174
1.8737840.247069
2.76318+0.236272
3.33969+0.29482
6.22759£0.332903
11.0407+0.571527

20.8718+0.689093

0.901073-1.20143
0.720859-0.901073
0.540644-0.720859
0.360429-0.540644
0.240286-0.360429
0.120143-0.240286
0.0600716-0.120143

0-0.0600716

2.73934+£0.651208
3.58435+0.523299
3.1192540.448867
4.5998240.43527
5.559524+0.514416
10.367+0.607934
18.379241.04597

34.7454+1.18389

Table 1.25: The inclusive differential cross-section off the free proton for incident beam energy

Table 1.26: The inclusive differential cross-section off the free proton for incident beam energy
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E, =1450-1500 MeV.

cos(6n.)

do /dcos(07,,.) [ub]

[t — tmin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 6 <0.4
0.4< cos 0 <0.6
0.6< cos 6 <0.8
0.8< cos 6 <0.9

0.9< cos 6 <1.0

0.973719£0.301578
1.1845+0.278461
1.882184+0.225405
2.06372+0.206824
3.22716+0.265225
7.1461940.355311
13.1365+0.603796

21.6879+0.710695

0.980246-1.307
0.784197-0.980246
0.588148-0.784197
0.392099-0.588148
0.261399-0.392099
0.1307-0.261399
0.0653498-0.1307

0-0.0653498

1.49001£0.761724
1.8125540.522073
2.88016+0.399945
3.15796+0.360655
4.93829+0.471574
10.9353£0.544103
20.101941.00828

33.18744+1.10485

E, =1500-1550 MeV.




1.2. Inclusive differential cross-sections off LHo

cos(6%,.)

do Jd cos (6%, ) [jid]

|t — timin| [GeV?

do/dt [ub/GeV?]

-1.0< cos§ <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

1.84975+0.363592
0.863887£0.290019
1.32963£0.242014
2.095+0.206242
3.35992+0.272943
7.81787+£0.359051
13.195440.606902

24.2359+0.73742

1.05801-1.41068
0.846405-1.05801
0.634804-0.846405
0.423203-0.634804
0.282135-0.423203
0.141068-0.282135
0.0705338-0.141068

0-0.0705338

1.91691+0.499376
1.45819+0.541928
2.36689+0.426271
2.99579+0.360168
4.66903£0.398413
10.6697+0.489112
18.833640.899398

32.2639+1.02483

E, =1550-1600 MeV.

Table 1.27: The inclusive differential cross-section off the free proton for incident beam energy

cos(0¥,.)

do /dcos(0¢,y,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

2.0139540.420014
1.2791940.252545
1.9900340.244883
2.3208940.203608
3.34425+0.293116
7.09207+0.335258
14.0042+0.644528

25.7016+0.763255

1.13489-1.51319
0.907912-1.13489
0.680934-0.907912
0.453956-0.680934
0.302637-0.453956
0.151319-0.302637
0.0756593-0.151319

0-0.0756593

2.66186+0.608383
1.4261640.494231
2.55571+£0.340909
2.8423940.29946
4.62377+£0.416282
9.3737+£0.462618
18.5096+£0.835716

33.9702+1.0589

E, =1600-1650 MeV.

Table 1.28: The inclusive differential cross-section off the free proton for incident beam energy
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1. Differential Cross-sections off LHo

cos(0¢m.)

do/d cos(62,, ) [jid]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.34398+0.35379
1.10645+0.28516
1.59889+0.21849
2.08335+0.204998
3.55511+0.2903
6.49954+0.330686
13.5057+0.603063

26.6705+0.785844

1.21004-1.61339
0.968033-1.21004
0.726024-0.968033
0.484016-0.726024
0.322678-0.484016
0.161339-0.322678
0.0806694-0.161339

0-0.0806694

1.66603+0.679921
1.37158+0.42419
1.98204+0.320742
2.58258+0.250913
4.40701+£0.360583
8.05701+0.436014
16.742+0.790403

33.0616£0.999361

Table 1.29: The inclusive differential cross-section off the free proton for incident beam energy

E, =1650-1700 MeV.

cos(6n.)

do/dcos(67,,) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.99755+0.297308
1.2982+0.21277
1.3975£0.162968
1.78705+0.138795
3.24025+0.190804
8.20369+0.254147
14.9814+0.473299

30.6064+0.634303

1.32034-1.76045
1.05627-1.32034
0.792205-1.05627
0.528136-0.792205
0.352091-0.528136
0.176045-0.352091
0.0880227-0.176045

0-0.0880227

2.26935+0.351175
1.47485+0.263359
1.58765+0.231919
2.03021+0.181715
3.68115+0.232867
9.31997+0.312793
17.0195£0.566108

34.7709+0.741506

Table 1.30: The inclusive differential cross-section off the free proton for incident beam energy

244

E, =1700-1800 MeV.




1.2. Inclusive differential cross-sections off LHo

cos(6¥,.)

do Jd cos (6%, ) [jid]

It — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8

0.8< cos 8 <0.9

0.9< cos 0 <1.0

1.13956£0.2725
1.06539£0.190081
1.6419+0.186453
1.84433£0.140795
3.29803+0.185735
7.9936+0.252312
14.677240.47905

36.5631£0.696078

1.46786-1.95714
1.17429-1.46786
0.880714-1.17429
0.587143-0.880714
0.391429-0.587143
0.195714-0.391429
0.0978571-0.195714
0-0.0978571

1.1645140.330295
1.08872£0.227456
1.67786+£0.19157
1.88471£0.153298
3.37025+0.196185
8.16864+0.279267
14.9986+0.507277
37.3637£0.727486

Table I.31: The inclusive differential cross-section off the free proton for incident beam energy
E, =1800-1900 MeV.

cos(6n.)

do/dcos(67,,) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 9 <0.1
0.1< cos 6 <0.4
0.4< cos 0 <0.6
0.6< cos 6 <0.8

0.8< cos 6 <0.9

0.9< cos 6 <1.0

1.34003£0.311851
1.1632240.194793
1.2571+£0.159563
1.7178940.140231
2.964824+0.196143
6.9488+0.250789
17.4084+0.542007

39.1293+0.743975

1.61538-2.15384
1.29231-1.61538
0.96923-1.29231
0.646153-0.96923
0.430769-0.646153
0.215384-0.430769
0.107692-0.215384

0-0.107692

1.2443240.274297
1.0801440.193286
1.16731£0.167058
1.59519+0.142421
2.75305+0.198805
6.452471+0.255954
16.1646+0.520859

36.3344+0.741029

Table 1.32: The inclusive differential cross-section off the free proton for incident beam energy
E, =1900-2000 MeV.
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J. Differential Cross-sections off LD,

Here, the differential cross-sections for w mesons produced off the bound proton, off the
bound neutron and the quasi-free inclusive differential cross-section are listed in tables.
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J.1. Exclusive differential cross-sections off the bound proton

J.1. Exclusive differential cross-sections off the bound proton

coS(0¢m.) do/dcos(02,,) [ub] | [t — tmin| [GeV?]

1.2186740.155604

do/dt [ub/GeV'?]

-1.0< cos 0 <-0.5 0.32902-0.438693 5.55591+0.709398

-0.5< cos 0 <-0.2 | 0.993755+0.152452 0.263216-0.32902 4.53052£0.695028

-0.2< cos § <0.1 | 1.53316£0.162755 0.197412-0.263216 | 6.98967£0.741999

0.1< cosf <0.4 | 2.30638+0.159214 0.131608-0.197412 | 10.5148+0.725856

0.4< cosf <0.6 | 2.58548+0.216408 | 0.0877387-0.131608 | 11.7872+0.986603

0.6< cosf <0.8 | 3.04043+0.216497 | 0.0438693-0.0877387 | 13.8613+0.987008

3.64894+0.329291 | 0.0219347-0.0438693 | 16.6355£1.50124

0.8< cos 6 <0.9

0.9< cosf <1.0

4.7915+0.391389

0-0.0219347

21.844441.78434

1208 MeV.

cos(0¥,.)

do Jd cos(62,,) (1)

[t — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 0 <0.1
0.1< cos 6 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 6 <1.0

1.8848+0.299047
1.2475340.298005
1.69536+0.281688
2.59386+0.288839
2.96905+0.354681
4.27138+0.37642
2.99735+0.509266

6.142134+0.61953

0.421934-0.562579
0.337547-0.421934
0.253161-0.337547
0.168774-0.253161
0.112516-0.168774
0.0562579-0.112516
0.028129-0.0562579

0-0.028129

6.70057+1.06313
4.43504+1.05942
6.0271£1.00142
9.221324+1.02684
10.5551£1.26091
15.185+1.33819
10.6557+1.81047

21.8356+2.20246

1233 MeV.

Table J.1: The differential cross-section off the bound proton for incident beam energy E, =1158-

Table J.2: The differential cross-section off the bound proton for incident beam energy E, =1208-
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J. Differential Cross-sections off LDy

cos(6%,.)

do/dcos(6¢,y,.) [b]

It — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos§ <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

1.7252540.260149
1.1902240.278988
2.59186+0.257057
2.6455+0.263911
3.3904440.352342
4.224940.359354
7.04888+0.539255

7.74011+0.621885

0.475834-0.634445

0.380667-0.475834
0.2855-0.380667
0.190334-0.2855

0.126889-0.190334

0.0634445-0.126889

0.0317223-0.0634445

0-0.0317223

5.43861+0.820083
3.752+0.879471
8.17048+0.810336
8.33957+0.831943
10.6879+1.11071
13.318441.13281
22.2206+1.69993

24.3996+1.96041

Table J.3: The differential cross-section off the bound proton for incident beam energy E, =1233-

1258 MeV.

c0s(0¢m.)

do /d cos(0¢,,) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cosf <-0.2
-0.2< cos 8 <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.64144+0.219908
1.02825+0.199392
2.27721+£0.187401
2.4001£0.195958
3.41363+0.244916
4.97174+0.274193
6.296014+0.418602

7.2511140.464348

0.553404-0.737871
0.442723-0.553404
0.332042-0.442723
0.221361-0.332042

0.147574-0.221361

0.0737871-0.147574

0.0368936-0.0737871

0-0.0368936

4.4491240.596061
2.78707+0.540452
6.17238+0.50795
6.50547+0.531144
9.25264+0.663845
13.4759+0.7432
17.0653£1.13462

19.6541+£1.25862

Table J.4: The differential cross-section off the bound proton for incident beam energy E, =1258-
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J.1. Exclusive differential cross-sections off the bound proton

cos(6%,.)

do/dcos(6¢,y,.) [b]

1t — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 6 <0.4

0.4< cos 6 <0.6

2.23602+0.257406
1.6355240.235072
2.20957+0.218377
2.91808+0.203146

3.9912240.285828

0.647902-0.863869
0.518322-0.647902
0.388741-0.518322
0.259161-0.388741

0.172774-0.259161

5.17675+0.595937
3.7865+0.54423

5.1155240.505579

6.75584+0.470316

9.24033+0.661739

0.6< cosf <0.8 | 5.59037+0.340268 | 0.0863869-0.172774 | 12.9426+0.787776

0.8< cosf <0.9 | 6.42689+0.455711 | 0.0431935-0.0863869 | 14.8793+£1.05505

0.9< cosf <1.0 | 9.27908+0.544988 0-0.0431935 21.4826+1.26174

Table J.5: The differential cross-section off the bound proton for incident beam energy E, =1308-
1358 MeV.

c0s(0¢m.)

do /d cos(0¢,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cosf <-0.2
-0.2< cos 8 <0.1
0.1< cos @ <0.4

0.4< cos @ <0.6

1.52724+0.291799
1.03701+£0.282083
1.6740240.224294
2.51635+0.216157

3.9447+0.289881

0.737372-0.983163
0.589898-0.737372
0.442423-0.589898
0.294949-0.442423

0.196633-0.294949

3.10671+£0.593592
2.10954+0.573827
3.40538+0.45627

5.11889+0.439717

8.02451£0.589691

0.6< cosf <0.8 4.94954+0.33525 0.0983163-0.196633 | 10.0685+0.681982

0.8< cosf <0.9 | 8.46759+0.547787 | 0.0491582-0.0983163 | 17.2252+1.11434

0.9< cosf <1.0 10.321+0.592507 0-0.0491582 20.9955+1.20531

Table J.6: The differential cross-section off the bound proton for incident beam energy E, =1358-
1408 MeV.
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J. Differential Cross-sections off LDy

cos(0¢m.)

do/d cos(62,, ) [jid]

It — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos B <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.9247640.254138
1.53961+0.253807
1.75546+£0.179216
2.03865+0.150532
3.28255+0.212143
4.67595+0.249275
7.411254+0.521613

12.0104+0.535134

0.862067-1.14942
0.689654-0.862067
0.51724-0.689654
0.344827-0.51724
0.229885-0.344827
0.114942-0.229885
0.0574712-0.114942

0-0.0574712

3.34909-+0.442201
2.67893+0.441625
3.05451+0.311836
3.54726+0.261926
5.71165+0.369129
8.13617+0.433739
12.8956+0.907608

20.8981+0.931135

Table J.7: The differential cross-section off the bound proton for incident beam energy E, =1408-

1508 MeV.

cos(0¥,,)

do [ cos(6%,, ) [jad]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cosf < 1.0

1.85533+0.273013
1.31174+0.256879
1.7844440.191644
2.1372140.159454
2.92656+0.190944
9.66519+0.228798

9.360114+0.632471

1.02209-1.36279
0.817672-1.02209
0.613254-0.817672
0.408836-0.613254
0.272557-0.408836
0.136279-0.272557
0.0681393-0.136279

0-0.0681393

2.72285+0.400669
1.92508+0.376991
2.61881+0.281253
3.13653+0.234012
4.29496+0.280226
8.31413+0.33578

13.7367+£0.928202

Table J.8: The differential cross-section off the bound proton for incident beam energy E, =1508-
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J.1. Exclusive differential cross-sections off the bound proton

cos(6¥,.)

do/d cos(6¥

m.) (1]

1t — tiin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

1.7383+0.352002
1.89628+0.313844
1.68446+0.242135
1.95067+0.173469
3.0174940.208542
5.4145940.250698

10.1976+0.683316

1.17711-1.56948

0.941686-1.17711
0.706265-0.941686
0.470843-0.706265
0.313895-0.470843
0.156948-0.313895
0.0784738-0.156948

0-0.0784738

2.2151340.44856
2.41645+0.399935
2.1465240.308555
2.48576+0.221053
3.8452240.265747
6.89987+0.319467

12.994940.870756

1708 MeV.

Table J.9: The differential cross-section off the bound proton for incident beam energy E, =1608-

cos(0%,,)

do Jd cos (6%, ) (1]

It — tiin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cosf <-0.2
-0.2< cos 8 <0.1
0.1< cos 8 <0.4
0.4< cos 0 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.5728240.369209
1.081894:0.320665
0.776013£0.222867
1.5942340.176891
2.64874+0.218709
6.30621+£0.260715

11.7393£0.73391

1.32547-1.7673
1.06038-1.32547
0.795284-1.06038
0.530189-0.795284
0.35346-0.530189
0.17673-0.35346
0.0883649-0.17673

0-0.0883649

1.77992+0.417823
1.2243440.362887
0.87819240.252212
1.8041440.200182
2.9975+0.247507
7.1365640.295044

13.285+0.830545

E, =1708-1808 MeV.

Table J.10: The differential cross-section off the bound proton for incident beam energy
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Differential Cross-sections off LD

cos(0¢m.)

do/d cos(62,, ) [jid]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.3808+0.385012
1.34472+0.335462
1.24391£0.233247
1.86085+0.173988
2.6711740.213306
6.71658+0.269952

11.497740.655211

1.47385-1.96513
1.17908-1.47385
0.88431-1.17908
0.58954-0.88431
0.393026-0.58954

0.196513-0.393026

0.0982566-0.196513

0-0.0982566

1.4053+0.391843
1.36858+0.341414
1.26598+0.237386
1.89387£0.177075
2.71857+0.217091
6.83575+0.274742

11.7017+0.666837

Table J.11: The differential cross-section off the bound proton for incident beam energy

E, =1808-1908 MeV.

cos(6n.)

do/dcos(67,,) [ub]

[t — tomin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.79586£0.38188
1.06079+0.316308
1.5442240.258632
1.42836+0.182154

2.6216£0.220578
6.99831+0.283049

13.0578+0.652645

1.62185-2.16247
1.29748-1.62185
0.97311-1.29748
0.64874-0.97311
0.432493-0.64874
0.216247-0.432493
0.108123-0.216247

0-0.108123

1.66094£0.353189
0.981093+0.292544
1.4282+0.239201
1.32105£0.168469
2.424644-0.204006
6.472521+0.261783

12.0768+0.603612

Table J.12: The differential cross-section off the bound proton for incident beam energy
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J.2. Exclusive differential cross-sections off the bound neutron

J.2. Exclusive differential cross-sections off the bound neutron

cos(6¥,.)

do Jd cos (62, ) [jid]

[t — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

1.3719140.478806
1.7115740.637041
1.38438+0.623418
3.03911+0.666563
3.2784+0.92125
4.21473+1.09745
4.57179+1.31485

5.44688+2.14257

0.330516-0.440687
0.264412-0.330516
0.198309-0.264412
0.132206-0.198309
0.0881375-0.132206
0.0440687-0.0881375
0.0220344-0.0440687
0-0.0220344

6.22623+£2.173
7.76773+£2.89112
6.282824+2.8293
13.7926+£3.02511
14.8786+4.18097
19.128+4.98063
20.748545.96727

24.719949.72376

Table J.13: The differential cross-section off the bound neutron for

E, =1158-1208 MeV.

incident beam energy

cos(0¥,.)

do Jd cos (6%, ) (1]

[t — tmin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 0 <0.6
0.6< cos 0 <0.8

0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.78205+0.796108
1.7512+1.05363
3.07095£0.925031
2.9103+1.07319
4.16673+1.34966
6.6872+£1.89512
6.572924+2.26916

7.96776+£3.59519

0.423326-0.564434
0.338661-0.423326
0.253996-0.338661
0.16933-0.253996
0.112887-0.16933
0.0564434-0.112887
0.0282217-0.0564434

0-0.0282217

6.31446+2.82091
6.20515+3.7334
10.881543.27773
10.3123£3.80271
14.7643+£4.78234
23.695246.71511

23.290348.04047

28.2327+12.7391

Table J.14: The differential cross-section off the bound neutron for incident beam energy
E, =1208-1233 MeV.
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J. Differential Cross-sections off LDy

cos(0¢m.)

do/d cos(62,, ) [jid]

[t — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

2.5415440.883865
3.08688+0.89286
2.9621+0.902063
2.20736+1.02904
4.43824+1.38936

5.550241.79172
10.9234+3.1636

12.414743.18831

0.477206-0.636274
0.381765-0.477206
0.286323-0.381765
0.190882-0.286323
0.127255-0.190882
0.0636274-0.127255
0.0318137-0.0636274

0-0.0318137

7.98882+2.77825
9.70298+2.80653
9.31076+2.83545
6.93839+3.23458
13.9507+£4.36717
17.445945.63191

34.3355+9.94414

39.0231+10.0218

Table J.15: The differential cross-section off the bound neutron for

E, =1233-1258 MeV.

incident beam energy

cos(6n.)

do/dcos(6%,,) [ub]

[t — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

3.56644+0.648922
2.5605940.653351
2.70975+0.637704
4.58358+0.687474
2.91407+0.820786
5.6302£1.32597
6.55031+2.12217

10.58+2.76176

0.554778-0.739704
0.443823-0.554778
0.332867-0.443823
0.221911-0.332867
0.147941-0.221911
0.0739704-0.147941
0.0369852-0.0739704

0-0.0369852

9.64288+1.75454
6.923284+1.76652
7.32658+1.72421
12.393+1.85878
7.879014+2.21923
15.2228+3.58514

17.7106£5.73789

28.606£7.4672

Table J.16: The differential cross-section off the bound neutron for incident beam energy
E, =1258-1308 MeV.
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J.2. Exclusive differential cross-sections off the bound neutron

cos(0¢m.)

do/d cos(62,, ) [jid]

[t — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 0 <0.1
0.1< cos 6 <0.4
0.4< cos 6 <0.6
0.6< cos @ <0.8
0.8< cos 6 <0.9

0.9< cos 6 <1.0

1.33608+0.738157
4.33779+£0.738857
3.01786+0.64589
2.96183+0.686326
4.776611+0.942227
6.03308+1.13359
9.26871£2.07469

11.625542.97309

0.649312-0.86575
0.51945-0.649312
0.389587-0.51945
0.259725-0.389587
0.17315-0.259725
0.086575-0.17315
0.0432875-0.086575
0-0.0432875

3.08653+1.70524
10.0209+1.70686
6.97167+1.49209
6.84223+1.58551
11.0346+£2.17667
13.9372£2.61875
21.41244.79282

26.8565+6.86824

E, =1308-1358 MeV.

Table J.17: The differential cross-section off the bound neutron for incident beam energy

cos(0¥,.)

do/dcos(6%,,) [ub]

[t — tmin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

3.00684+£0.858604
1.99981+0.786933
3.05451+£0.656123
2.96364+0.539376
4.26924+0.73268
8.78712+1.11688
9.5939+2.46144

11.5308+3.13086

0.738837-0.985117
0.59107-0.738837
0.443302-0.59107
0.295535-0.443302
0.197023-0.295535
0.0985117-0.197023
0.0492558-0.0985117

0-0.0492558

6.10454+1.74315
4.06005£1.59764
6.20132+1.33207
6.01683+1.09505
8.66748+1.4875
17.8398+2.26751
19.4777+4.99726

23.414+6.35632

E, =1358-1408 MeV.

Table J.18: The differential cross-section off the bound neutron for incident beam energy
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Differential Cross-sections off LD

cos(0¢m.)

do/d cos(62,, ) [jid]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.2241440.676416
1.15944+0.582506
1.88954+0.413895
2.1342540.362897
5.30213+0.514034
8.975+0.729411
17.6618+1.64957

25.4391+3.0845

0.863631-1.15151
0.690905-0.863631
0.518178-0.690905
0.345452-0.518178
0.230302-0.345452
0.115151-0.230302
0.0575754-0.115151

0-0.0575754

2.126154+1.17484
2.01371+1.01173
3.28185+0.718875
3.70688+0.630299
9.20902+0.892802
15.5883£1.26688

30.676+2.86506

44.18445.35732

Table J.19: The differential cross-section off the bound neutron for incident beam energy

E, =1408-1508 MeV.

cos(6n.)

do/dcos(6%,,) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.42671£0.622907
1.1883£0.476797
2.111994+0.372811
3.05323+0.326316
3.571124+0.41492
7.7542640.593428

16.9307£1.48529

1.0238-1.36507
0.819043-1.0238
0.614282-0.819043
0.409521-0.614282
0.273014-0.409521
0.136507-0.273014
0.0682535-0.136507

0-0.0682535

2.09031+0.912637
1.7410140.698567
3.09433+0.546215
4.47336+£0.478094
5.232144+0.60791
11.361+0.869446

24.8056+2.17614

Table J.20: The differential cross-section off the bound neutron for incident beam energy
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J.2. Exclusive differential cross-sections off the bound neutron

cos(6%,.)

do Jd cos (6%, ) [jid]

|t — timin| [GeV?

do/dt [ub/GeV?]

-1.0< cos§ <-0.5
-0.5< cosf <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8

0.8< cos 8 <0.9

0.9< cos 0 <1.0

1.6162240.697428
2.2912+0.548642
0.818819£0.367018
2.09684+0.303052
3.70857+0.418106
6.70281£0.573722

15.3885+1.40865

1.17898-1.57198

0.943186-1.17898
0.707389-0.943186
0.471593-0.707389
0.314395-0.471593
0.157198-0.314395
0.0785988-0.157198

0-0.0785988

2.05629+0.887327
2.91506+0.698029
1.04177+0.466951
2.66778+0.385568
4.71835+0.53195
8.52788+0.729937

19.5785£1.7922

Table J.21: The differential cross-section off the bound neutron for incident beam energy
E, =1608-1708 MeV.

cos(6n.)

do /dcos(07,,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 0 <0.1
0.1< cos 6 <0.4
0.4< cos 0 <0.6
0.6< cos 6 <0.8

0.8< cos 6 <0.9

0.9< cos 6 <1.0

0.841833£0.697313
1.1504240.487618
0.998191+0.370754
1.4222640.310693
3.236240.42803
8.34268+0.578441

14.4309+1.46529

1.32751-1.77002
1.06201-1.32751
0.796507-1.06201
0.531005-0.796507
0.354003-0.531005
0.177002-0.354003
0.0885008-0.177002

0-0.0885008

0.951215£0.787917
1.299940.550976
1.12789+0.418927
1.60706+0.351062
3.65669+0.483645
9.42667+0.6536

16.306+£1.65568

Table J.22: The differential cross-section off the bound neutron for incident beam energy
E, =1708-1808 MeV.
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J. Differential Cross-sections off LDy

cos(0¢m.)

do/d cos(62,, ) [jid]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

2.1774840.665925
2.00997+0.510366
0.63995+0.321394
1.11328+0.306932
3.2571+£0.440744
7.9481940.590128

15.7837+1.45901

1.47606-1.96808
1.18085-1.47606
0.885635-1.18085
0.590423-0.885635
0.393616-0.590423
0.196808-0.393616
0.0984039-0.196808
0-0.0984039

2.2128+0.676726
2.04257+0.518644
0.65033+0.326607

1.13134+0.31191
3.30993+0.447893

8.07711+0.5997

16.0397+1.48268

Table J.23: The differential cross-section off the bound neutron for incident beam energy

E, =1808-1908 MeV.

cos(0%,.)

do/dcos(67,,) [ub]

|t — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cos 8 <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

1.38767+£0.635577
0.581385+0.493646
0.762979£0.382404

1.2608+0.310174
3.42751+£0.433945
8.44001+£0.608027

17.2278+1.63994

1.62423-2.16565
1.29939-1.62423
0.974541-1.29939
0.649694-0.974541
0.433129-0.649694
0.216565-0.433129
0.108282-0.216565

0-0.108282

1.28153+0.586963
0.536916+0.455888
0.70462+0.353155
1.1643640.286449
3.16535+0.400753
7.79445+0.56152

15.9101+£1.5145

Table J.24: The differential cross-section off the bound neutron for incident beam energy
E, =1908-2008 MeV.
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J.3. Inclusive differential cross-sections off LDy

J.3. Inclusive differential cross-sections off LD,

cos(6¥,.)

do/dcos(6%,,) [ub]

[t — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 0 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

2.69113+0.268513
1.8199240.317195
1.89873+0.303583
2.94903+0.310323
3.93479+0.343992
0.82039+0.364475
8.41807£0.550022

7.94793+0.578699

0.330516-0.440687
0.264412-0.330516
0.198309-0.264412
0.132206-0.198309
0.0881375-0.132206
0.0440687-0.0881375
0.0220344-0.0440687

0-0.0220344

12.4148+1.58791
9.82039+1.4764
10.5486+1.43603
16.4406+1.36019
19.5272+1.70381
27.02794+1.91212
34.6789+2.94339

40.216+3.26244

E, =1158-1208 MeV.

Table J.25: The inclusive differential cross-section off the LDs target for incident beam energy

cos(0¥,.)

do /dcos(0¢,y,.) [ub]

[t — tmin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 0 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

3.37164+0.490295
3.50822+0.439059
2.7560840.444475
4.24256+£0.478431
5.30991+0.608107
8.43546+0.643086
8.72663£0.954919

13.5068+1.10332

0.433405-0.577874
0.346724-0.433405
0.260043-0.346724
0.173362-0.260043
0.115575-0.173362
0.0577874-0.115575
0.0288937-0.0577874

0-0.0288937

11.0799+£1.91103
12.949642.09756
10.9893+1.94596
16.7927£1.7926
18.3108+2.27696
30.444242.50943
30.6714+3.71426

46.5892+3.82426

E, =1208-1233 MeV.

Table J.26: The inclusive differential cross-section off the LDy target for incident beam energy
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J. Differential Cross-sections off LDy

cos(0¢m.)

do/d cos(62,, ) [jid]

[t — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos B <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

4.93815£0.453277
3.84367+0.485489
3.58512+0.44777
4.3924240.458055
6.80329+0.552845
8.91105£0.591927
11.3705+0.886234

18.179541.04532

0.486589-0.648785
0.389271-0.486589
0.291953-0.389271
0.194635-0.291953
0.129757-0.194635

0.0648785-0.129757

0.0324392-0.0648785

0-0.0324392

15.985+1.74532
11.7842+1.53874
12.6713£1.60026
14.6935+1.50643
21.407941.63585
28.0657+£1.95857
37.2176+2.99313

58.74614+3.29246

Table J.27: The inclusive differential cross-section off the LDy target for incident beam energy

E, =1233-1258 MeV.

cos(0%,,)

do /dcos(07,,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos B <-0.5
-0.5< cos§ <-0.2
-0.2< cos 8 <0.1
0.1< cos 8 <0.4

0.4< cos 8 <0.6

5.95502+0.423991
2.30203+0.497342
4.33117+£0.372523
4.56319£0.336652

5.78023+£0.39496

0.559121-0.745495
0.447297-0.559121
0.335473-0.447297
0.223649-0.335473

0.149099-0.223649

15.9223+1.15389
7.8254140.945354
13.151940.939957
13.6066+0.846078

16.542741.04333

0.6< cosf <0.8 | 10.3499+0.476744 | 0.0745495-0.149099 | 29.0505£1.27355

0.8< cosf <0.9 | 14.71554+0.746313 | 0.0372748-0.0745495 | 39.59294+2.0118

0.9< cosf <1.0 | 19.8281+0.817342 0-0.0372748 53.5836+2.193

Table J.28: The inclusive differential cross-section off the LDy target for incident beam energy
E, =1258-1308 MeV.

260



J.3. Inclusive differential cross-sections off LDy

cos(6¥,.)

do/dcos(6¢,y,.) [b]

It — toin| [GeV?]

do/dt [ub/GeV'?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2

-0.2< cosf <0.1

4.48685£0.372535
3.89965+0.365299

3.78657+£0.333004

0.649312-0.86575
0.51945-0.649312

0.389587-0.51945

11.051441.08023
10.2613£0.966803

8.8944+0.841971

0.1< cosf <0.4 | 4.79966+0.318309 | 0.259725-0.389587 | 11.4978+0.848076

0.4< cos# <0.6 6.7196+0.416031 0.17315-0.259725 17.0787£1.08637

0.6< cosf <0.8 | 10.239740.468678 0.086575-0.17315 24.4836+1.18488

0.8< cosf <0.9 | 15.0352+0.738707 | 0.0432875-0.086575 | 35.5039+1.63786

0.9< cosf <1.0 24.505+0.800579 0-0.0432875 57.5167+1.8854

Table J.29: The inclusive differential cross-section off the LDy target for incident beam energy
E, =1308-1358 MeV.

cos(0%,,) do/dcos(6%,,) [ub] It — timin| [GeV?] do/dt [ub/GeV'?]

-1.0< cos 0 <-0.5 | 3.131724+0.386018 0.738837-0.985117 | 6.77481£0.886839

-0.5< cos 0 <-0.2 | 2.47445+0.361708 0.59107-0.738837 5.62408+0.944082

-0.2< cos 0 <0.1 | 3.86368+0.312795 0.443302-0.59107 7.77404+£0.725673

0.1< cosf <0.4 | 4.27683£0.327587 0.295535-0.443302 | 8.7201140.706192

0.4< cosf <0.6 | 6.5818140.403837 0.197023-0.295535 14.012+0.796365

0.6< cosf <0.8 | 11.12084+0.467343 | 0.0985117-0.197023 | 23.3385+0.935232

0.8< cosf <0.9 | 18.6036+0.753812 | 0.0492558-0.0985117 | 36.7213£1.59606

0.9< cosf <1.0 25.842+0.816945 0-0.0492558 54.02814+1.71049

Table J.30: The inclusive differential cross-section off the LDy target for incident beam energy
E, =1358-1408 MeV.
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J. Differential Cross-sections off LDy

cos(0¢m.)

do/d cos(62,, ) [jid]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

3.47239+0.341455
2.78723+0.281606
3.0966140.243381
4.49752+0.23187
6.90084+0.314497
11.928740.336696
20.4036+0.583057

36.0355£0.673291

0.863631-1.15151
0.690905-0.863631
0.518178-0.690905
0.345452-0.518178
0.230302-0.345452
0.115151-0.230302
0.0575754-0.115151

0-0.0575754

6.58032+0.672022
5.06311+0.540123
5.49537+0.479567
7.4541+0.422104
12.7029+0.523745
20.9616+0.600023
35.6502+1.02152

62.9087+1.14902

Table J.31: The inclusive differential cross-section off the LDy target for incident beam energy

E, =1408-1508 MeV.

cos(6n.)

do/dcos(6%,,) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos O <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

2.5925340.358492
2.167644+0.271256
2.8342440.247735
4.05465+0.223257
6.15489+0.281199
12.3437£0.329571
23.41714+0.575687

45.0426+0.699177

1.0238-1.36507
0.819043-1.0238
0.614282-0.819043
0.409521-0.614282
0.273014-0.409521
0.136507-0.273014
0.0682535-0.136507

0-0.0682535

4.06215+0.566911
3.41789+0.462957
4.14271+£0.372724
6.17594+0.330426
9.17056+0.424443
18.2483£0.500847
34.2678+0.858404

65.6721+1.03585

Table J.32: The inclusive differential cross-section off the LDs target for incident beam energy
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J.3. Inclusive differential cross-sections off LDy

cos(6¥,.)

do Jd cos (6%, ) [jid]

It — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 0 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos 8 <0.8
0.8< cos 8 <0.9

0.9< cos 0 <1.0

2.70967+0.409991
2.36374+0.325471
2.75903+0.264538
4.16739+0.233998
6.05912+0.310778
12.946+0.36199
27.228440.672964

50.9339+0.826175

1.17898-1.57198

0.943186-1.17898
0.707389-0.943186
0.471593-0.707389
0.314395-0.471593
0.157198-0.314395
0.0785988-0.157198

0-0.0785988

3.66107£0.655237
3.24269+0.48516
3.5445+0.344965
5.18662+0.319406
7.818+0.406554
16.384440.478425
34.296+0.879894

64.87781+1.05252

E, =1608-1708 MeV.

Table J.33: The inclusive differential cross-section off the LDy target for incident beam energy

cos(0¥,.)

do /dcos(0¢,y,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos 8 <-0.5
-0.5< cos 0 <-0.2
-0.2< cosf <0.1
0.1< cos 8 <0.4
0.4< cos 8 <0.6
0.6< cos 0 <0.8
0.8< cos 0 <0.9

0.9< cos 0 <1.0

4.2701740.489001
1.58568+0.325864
1.6262740.265471
3.107740.240134
4.90924+0.295435
12.42+0.390296
29.1266+0.74136

07.6385+0.935573

1.32751-1.77002
1.06201-1.32751
0.796507-1.06201
0.531005-0.796507
0.354003-0.531005

0.177002-0.354003

0.0885008-0.177002

0-0.0885008

4.76867+0.59882
1.87668+0.417713
1.7988440.308358
3.44906+0.278739
5.69631+0.380424
14.1862+0.450923

32.551£0.88274

65.0174+1.05765

E, =1708-1808 MeV.

Table J.34: The inclusive differential cross-section off the LDy target for incident beam energy
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J. Differential Cross-sections off LDy

cos(0¢m.)

do/d cos(62,, ) [jid]

1t — toin| [GeV?]

do/dt [ub/GeV?]

-1.0< cos O <-0.5
-0.5< cos 8 <-0.2
-0.2< cosf <0.1
0.1< cos 0 <0.4
0.4< cos 0 <0.6
0.6< cos @ <0.8
0.8< cos @ <0.9

0.9< cos 0 <1.0

1.8864540.50004
2.1619540.338053
1.81869+0.247293
2.9459240.241945
6.1315+£0.310312
14.222440.399622
28.0426+0.779501

65.0816+1.05123

1.47606-1.96808
1.18085-1.47606
0.885635-1.18085
0.590423-0.885635
0.393616-0.590423
0.196808-0.393616
0.0984039-0.196808

0-0.0984039

1.8810440.535028
2.20586+0.420785
1.98153£0.260226
2.927484+0.258926
6.00665+0.327709
14.207240.424874
28.5109+0.806784

65.262+1.08708

Table J.35: The inclusive differential cross-section off the LDy target for incident beam energy

Table J.36: The inclusive differential cross-section off the LDy target for incident beam energy

264

E, =1808-1908 MeV.

cos(0¢,y,.)

do /dcos(07,,.) [ub]

It — timin| [GeV?]

do/dt [ub/GeV?]

-1.0< cosf <-0.5
-0.5< cos 8 <-0.2
-0.2< cos 0 <0.1
0.1< cos @ <0.4
0.4< cos 0 <0.6
0.6< cos 6 <0.8
0.8< cos 6 <0.9

0.9< cos 6 <1.0

3.1284+0.451509
1.63533%0.352923
2.29393+0.290879
2.76332+0.239089
5.67839£0.315965
14.9814+0.427252
30.5238+0.819814

75.474+1.16401

1.62423-2.16565
1.29939-1.62423
0.974541-1.29939
0.649694-0.974541
0.433129-0.649694
0.216565-0.433129
0.108282-0.216565

0-0.108282

2.87608+0.452533
1.4654940.385311
2.07957+0.269433
2.5102+0.219029
5.1526+0.302983
13.8593£0.402231
27.762440.766434

69.21394+1.0824

E, =1908-2008 MeV.




K. Total Cross-sections

Ebeem (MeV] | 0} £ o5, + 0%t [ub] | it + 0%iay, £ 05 [1ub]
1125-1150 4.915£0.15740.860 4.437£0.12240.400
1150-1175 6.5494+0.1744+1.148 5.1914+0.287+£0.471
1175-1200 8.165+0.200+1.059 7.34440.332+0.606
1200-1250 9.2574+0.154+1.216 8.884+0.239£0.757
1250-1300 10.01940.152+1.301 9.087+£0.208+0.753
1300-1350 8.973+0.169+0.936 8.581+0.222+0.785
1350-1400 8.632+0.193+0.923 8.291+0.225+0.784
1400-1450 8.286+0.250£0.961 7.910+0.257+0.828
1450-1500 8.816+0.35240.983 8.268+0.250+0.824
1500-1550 | 8.074£0.433+0.936-0.933 7.9534+0.254+0.828
1550-1600 | 8.528+0.406-+0.957-0.923 8.077£0.259£0.775
1600-1650 | 7.306£0.2934-0.896-0.768 8.810£0.254+0.812
1650-1700 | 8.039£0.4024-0.896-0.768 8.560£0.245£0.804
1700-1800 | 8.323£0.28341.262-0.949 9.176£0.184+0.940
1800-1900 | 8.936+0.261+41.340-0.998 9.776+0.180+£0.976
1900-2000 | 8.838£0.282+1.435-1.131 9.901+0.184+1.166

Table K.1: The total cross-sections for w-photoproduction off the LHs target. The systematic
errors listed are from the analysis. In addition, there is a =10 % systematic error
which affects the overall normalization.
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K. Total Cross-sections

beam
Exem [MeV]

bound err err
Up + Ostat. + Usyst. [:ub]

bound err err
On + Ostat. + Usyst. [:ub]

err err
Tincl £ Ogpgqy. T O gyst. [:ub]

1158-1208
1208-1233
1233-1258
1258-1308
1308-1358
1358-1408
1408-1508
1508-1608
1608-1708
1708-1808
1808-1908

1908-2008

3.974£0.080£0.659
4.895£0.216£0.698
5.982+0.338+0.851
5.544+0.155+0.826
6.633£0.178+0.774
6.037£0.197£0.729
6.158+0.15940.754
6.652+0.248+0.822-0.811
6.93940.296+0.948-0.852
6.716+0.293+1.073-0.837
7.055£0.27041.155-0.914

7.672+0.289+1.212-0.938

5.0114+0.519+1.589
6.837+£0.851+£1.657
8.146+£0.871£1.826
7.783+0.861+1.159
8.004+0.633+1.163
8.685£0.856£1.758
9.375+1.062+1.406
8.674£0.461+1.309-1.297
8.37240.689+1.355-1.258
7.828+0.600+1.423-1.188
8.355+0.612+1.807-1.302

8.406£0.671+2.450-1.260

7.44440.283£0.765

10.209+0.475+£1.037
12.629+0.432+£1.279
13.234+0.307+£1.460
13.968+0.341+£1.472
13.2204+0.323£1.453
14.654+0.2424+1.638
15.2354+0.2344+1.695
16.357+0.264£1.835
15.834+0.265£1.808
16.845+£0.276£2.014

18.4514+0.2834+2.059

Table K.2: The total cross-sections for w-photoproduction off the LDs target. The systematic
errors listed are from the analysis. In addition, there is a =10 % systematic error
which affects the overall normalization.
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